INTRODUCTION

The U.S. Department of Energy’s (DOE) Office of Advanced Automotive Technologies conducts research
and development on advanced rechargegble batteries for application in eectric vehicles (EVS) and hybrid
eectric vehicle (HEV) systems. Problems impeding the development of high-energy betteries for use in EVs
and high-power batteries for use in HEV's are addressed by this program. These batteries require continuing
research to dleviate materids problems, provide better understanding of lifellimiting and performance-limiting
phenomena, improve relevant engineering science and design, and insure ahigh leve of sefety.

DOE battery R&D supports two mgor programs. the United States Advanced Battery Consortium
(USABC), which develops advanced batteries for EV's, and the Partnership for a New Generation of Vehicles
(PNGV), which seeks to develop passenger vehicles with a fue economy equivaent to 80 mpg of gasoline,
This report describes the activities of the Exploratory Technology Research (ETR) Program, managed by the
Lawrence Berkeley National Laboratory! (LBNL). The role of the ETR Program is to perform supporting
research on the advanced battery systems under development by the USABC and PNGV Programs, and to
evaduate new systems with potentidly superior performance, durability and/or cost characterigtics. The specific
god of the ETR Program is to identify the most promising eectrochemica technologies and transfer them to the
USABC, battery industry and/or other Government agencies for further development and scale-up. This report
summarizes the research, financid and management activities of the ETR Program in CY 1999. This is a
continuing program, and reports for prior years have been published; they are listed at the end of this Program
SUmmary.

This annua report is sub-divided into eight ETR task areas 1) Optimized Li-ion System, 2) High
Performance Non-flammable Electrolytes, 3) Non-carbonaceous Anode Materids, 4) Nove Cathode
Materids, 5) Advanced Solid Polymer Electrolytes, 6) Advanced Diagnostic Methods, 7) Improved
Electrochemical Modds, and 8) Novel Electrode Couples. Thefirst five tasks cover focused areas of research,

and the last three form the foundation of a sound exploratory research program.

1 Participantsin the ETR Progam include the following LBNL scientists: E. Cairns, J. Evans, J. Kerr, K. Kinoshita, F. McLarnon
and J. Newman of the Environmental Energy Technologies Division; and L. De Jonghe and P. Ross of the Materials Sciences
Division.



RESEARCH PROJECT SUMMARIES

OPTIMIZED LITHIUM-ION SYSTEM

Severd key materids issues must be resolved, and optimization of current technology is required to develop
apractica high-performance, safe, and low-cost Li-ion battery for EV and HEV applications. The objective of
this task is to invedtigate the full redlm of interactions that occur in a Li-ion bettery, from surface interactions of
electrodes with eectrolytes, to system interactions in the case of thermal breakdown and runaway. The studies
focus on the solid eectrolyte interphase (SEI) layer, Sability issues related to the eectrolyte and binder, and the
corrosion stability of current collectors for Li-ion batteries. Any advancements developed under this effort will
be tested in basdine cedlls so that they may be evaduated on a system level as opposed to an isolated
environmen.

Reactivity and Safety Aspects of Carbonaceous Anodes

M. David Curtis and Gholam-Abbas Nazri
University of Michigan, Department of Chemistry, Ann Arbor Ml 48109-1055
(734) 763-2132; fax: (734) 763-2307; e-mail: mdcurtis@umich.edu

Objective

« Develop a surface coating technology to minimize electrolyte decomposition and enhance Li*-ion
conduction in carbonaceous anodes for advanced Li batteries.

+ Improve safety of Li*-ion technology by incorporating ion-conducting and fire-retarding polymersin
carbonaceous anodes.

Approach

» Edablish abasdine for therma behavior of carbonaceous anodes at various States of charge.

* Produce lithiated graphite by chemica intercaation and evauate its therma behavior with a surface
coating.

» Evduate reactivity of modified surface-coated carbon to eectrolyte decompostion, gas generation,
and surface film formation.

Accomplishments

* Deveoped a high-temperature process to prepare sngle-phase lithiated graphite with various Li
concentrations.

» Evduated thermd gability and reactivity of lithiated graphite.

» Improved safety and reactivity of graphite anodes by surface treatment and coating.

« Developed aLi*-ion conducting polymer with fire-retardant properties.

Future Directions

» Improve the charge rate capability of carbonaceous anodes for high-power application.

» Optimize overdl performance of high-rate, safe and low-cost graphitic anodes for high-power and
high-energy applications.




A high-temperature process was developed to
prepare bulk lithiated grephite anodes with
controlled degrees of lithiation from LiCz to LiCs.
Graphite and Li disks were stacked together, and
heat treated at 250-300°C in an Ar amosphere
under 5000 K g/cn pressure for 12 hours.

X-ray diffraction (XRD) and thermd behavior
of the lithiated grgphite in contact with various
binder materids were investigated. XRD andyss
confirmed the formation of lithiated graphite at high
date of charge (LiCs). The thermd behavior of the
chemicdly lithiated graphite is shown in Fig. 1. No
therma decompodtion of pure LiCg occurs up to
400°C. Above 400°C, lithium carbide Sarts to
foom. In contrast, dectrochemicdly lithiated
graphites show a series of decompostion
exotherms below 250°C. These exotherms are
related to the decompostion of the SEI on the
carbonaceous dectrode.  The binder used in this
work is a non-fluorinated polymer that is stable to
300°C.
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Figure 1. Thermal behavior of lithiated graphite LiCs.

We have prepared silylated graphite anodes by
reecting trimethylchlorosilane with various graphite
samples. These samples were evduated in Li/C
cdls, which were monitored for release of gaseous
gpecies during charge and discharge cycles. These
tests indicated a sgnificant reduction (by afactor of
1/10) in gas geneation on dlylated graphite
compared to untrested graphite.  Titration with
triethylduminum glylation showed thet the Slylation
reaction removed surface-active groups from the

carbonaceous materids.  The process is highly
efficient, providing close to quantitative converson
of the surface groups.

A different slylating reagent was used to both block
gas formation and fadilitate Li*-ion transport across
the SEI. This synthesis uses commercidly available
materias as shown in Scheme 1.
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We have dso synthesized a series of unique Li-
phosphonates as single-ion polymer eectrolytes.
These materials are prepared by the reaction of the
dilithium st of ethylene glycol with phosphorous
pentoxide, both are low-cost precursors. The ratio
of LbEG to BOs can be vaied to optimize the
properties of the resulting polymer. One exampleis
shown as EG3P4 (3 Li,EG:2 P.Os). In addition
to the EGnPm series, other new Li-phosphonate
polymers, eg., L iPPS, have been prepared by the
reactions of P(OMe); with chloromethylated
polystyrene.  These will be characterized for Li
conductivity, stability under cell conditions, and fire
retardancy.
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Optimization of Cathode Materials
Tadeusz Malinski

Oakland University, Department of Chemistry, Rochester Ml 48309
(248) 370-2339; fax: (248) 370-2321; email: malinski @oakland.edu

Objective

» Devdop agablelithium nickdate cathode by systematic subgtitution of multiple cations that prevent

phase and domain segregation in the oxide dabs.

Approach

» Develop a multicomponent substitution process with gp metas (Al, Ga, Mg and Ca) and early
trangtion metads to partidly subgtitute for nickel in NiO, dabs.

* Determine the role of subdituted eements by measuring eectrochemica properties, charge-
discharge capacity, cycling, and cataytic properties toward e ectrolyte oxidation.

Accomplishments

Identified Ti, Mg and Al as dements that effectively stabilize the structure of cathode materials.
Successfully developed a mechano-milling process to prepare single-phase multidoped cathode

materids.
FutureDirections

Study the effect of doping eements on cycle life, cdendar life, reactivity and safety of cathode

materids.

Study the low-temperature and high-temperature performances of cathode materids under

continuous charge/discharge cycling.

Determine the effect of doping eements on dectrode impedance.

The god of this work is to sysematicdly tailor
the covadency of M-O bonds in metal oxides to
improve ther dability, kinetics and eectronic
conductivity as cathode materids. As a baseline
material, we prepared the well-known compositions
of LlCOOz and LiNio,75COo,2502. A
process was devel oped to fabricate el ectrodes from
the basdine materids containing up of 80 wt%
active materid, 15 wt% composite conductive
diluent, and 5 wt% non-fluorinated binder.
The dectrochemica performance and thermd
gability of the oxide cathodes were examined at
70% sate-of-charge (SOC), usng a specidly
desgned TGA-DSC which operates insde an
argon-filled glove box.

To examine the role of dementa subgtitution on
dability and dectrochemicd peformance of
nickelate-based cathode materids, the following
compositions were prepared at 750°C with an
oxygen-rich environment in atube furnace:

1) LiNip.75C0,.250z,

2) LiNio.75C00.15Tip.1002,

3) LiNip.75C00.15Tio.0sCa0.0502,

4) LiNip.75C00.155C0.06M 0,050z,

5) LiNio.75C00.15Tio.05Gav,

6) LiNip.75C00.15Tio.0sM Go.0502,

7) LiNio.75C00.10 Tio.0sM Gh.05Al0.050x.
In generd, materids containing Ti, and in particular
Al, require longer heat treatment a 750°C to form
single-phase materids. The crystd structures of the
cathode materids were determined by XRD and
Rietveld refinement.  In most cases, good-quality
materials were obtained after 8 h of heat trestment.
These reaults show that energetic mechano-milling
of the initid precursors can sgnificantly reduce the
duration of heat trestment. The dectrochemica
performances of the materids syntheszed in this
work are shown in Fig. 2. The éectrode materids
had about 12 mg/cn? loading of active materid,
which was placed on a carbon-coated Al substrate



and hot calendared (at 90°C). The samples were
tested in 2.5-cm diameter cells with a Li counter
eectrode in 08 M LiPFRg(acid-free)/ethylene
carbonate-diethyl carbonate (70/30 mole ratio).
The thermal properties of the samplesat 70% SOC
are presented in Fig. 2.

Conclusons.
Incorporation of a larger cation in the MO,
dabs improves the themd dability of the
sample.  However, formation of high-purity
meta oxide with large cations in the MO, dabs
requires higher temperature and longer time for
hest trestment.
The resllts adso indicate that the initid
mechano-milling of the precursor can
ggnificantly reduce the processng time for
formation of a single-phase cathode materid.
LiNip.75C00.10Tlo.0sM G.0sAloos is a practical
electrode materia for Li-ion baiteries with an
acceptable specific capacity of 178
ANWKg and negligible exotherm from ambient to
250°C at 70% SOC.

Optimized Lithium-lon Electrolyte and Binder

Ricardo Aroca

Future work will focus on taloring the rae
cgpability of the oxide by optimizing the
electrode thickness, active-materid particle
Sze, dectrode impedance, and cdl design.
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Figure 2 Specific capacity of initial charge/discharge,
and normalized stability based on DH of reaction at (200-
280°C) for  1)LiNig75C00250,,  2)LiNig75C0015Ti0100,,
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University of Windsor, Department of Chemistry, Windsor, Ontario N9B 3P4 Canada

(519) 253-4232; fax: (519) 973-7098; e-mail: g57@uwindsor.ca

Objectives

» Devdop dectrolytes with improved temperature stability and ionic conductivity for high-power

goplications.

* Develop low-cost binders and separators for Li-ion batteries.

Approach

* Blend cyclic and linear carbonate-based solvents with different concentrations of Li sdts to obtain

maximum conductivity and fluidity.

»  Enhance low-temperature conductivity of the eectrolytes by usng mixed Li sdts.
* Invedigate ion association in the eectrolytes by vibrationa spectroscopy, viscosity and conductivity

measurements.
Accomplishments

* Dedgned a unique set-up for purification of solvents and sdt for reliable and reproducible

conductivity measurements.

» Achieved the highest conductivity with a 2/1 mole ratio of EC/DMC, which showed a minimum in

ion-pairing and less structurad ordering.



e Cdculaed Li*-ion solvation energy in various eectrolyte blends and observed preferentid solvation.

FutureDirections

»  Study the thermd behavior of various multi-blend solvents and eectrolytes in contact with lithiated

graphite

* Deveop a theoreticd modd to predict the usefulness of mixed Li sdts for low-temperature

performance.

» Devdop athermadly stable and chemicaly compatible binder for Li-ion cdlls.

Linear and cyclic carbonates were purified
because they contain low-molecular-weight organic
molecules and resdua moisture. The Li sdts were
vacuum dried and evaduaied usng thermd anadyss
techniques. The conductivity of eectrolytes based
on ethylene carbonate (EC) was improved by
addition of a linear carbonate such as dimethyl
carbonate OMC). The highest conductivity was
achieved with a 2/1 mole ratio of EC/DMC, which
showed a minimum in ion-pairing and less sructurd
ordering. A Smilar trend was observed for a 2
EC/diethyl carbonate (DEC) ratio. Addition of an
asymmetric cyclic carbonate such as propylene
carbonate (PC) and asymmetric, linear carbonate
such as methyl ethyl carbonate (MEC) aso
produced dectrolytes with lower ion-pairing and
improved ionic conductivity and fluidity. The
addition of a linear cabonate has a more
pronounced effect on low-temperature conductivity
than on ambient-temperaiure conductivity. This

EC

effect was dso obsaved in the viscosty
measurements.  The EC phase separates in the
electrolyte at temperatures below —15°C to form
solid transparent flakes, which were examined by
vibrationa spectroscopy. We have also observed a
grong preferentid  solvation of Li-ions by
carbonate solvents usng Raman spectroscopy (Fig.
3). The addition of PC ggnificantly improved the
low-temperature  conductivity. No phase
Sseparation was observed when EC-PC-DMC
based e ectrolytes were used.

Further improvement in the low-temperature
ionic conductivity was observed with mixed Li sdts
in dectrolyte with an overdl Li*-ion concentration
of 1 molar (e.g., LiPFs and LiCF;SO3 mixture with
0.8/0.2 mole retio). lon asociaion and the
energetics of Li'-ion solvation with various
carbonate solvents were studied using ab initio
cdculations.
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Figure 3. Raman spectra of ethylene carbonate, dimethyl carbonate, and electrolyte (EC+DMC+1MLIiPFs). The results

indicate preferential solvation of theLi ion.



SEl Layer Formation on Carbon Anodes
Philip N. Ross, Jr.

Lawrence Berkeley National Laboratory, 2-100, Berkeley CA 94720

(510) 486-6226, fax: (510) 486-5530; e-mail: pnross@Ibl.gov

Objectives

* Determine the mechanism of formation and the physical and dectrochemica properties of the

passve film formed on carbon anodes.

» Determine the role of dectrolyte compostion and surface chemigtry of carbon on the mechanism of
formation and the physical and eectrochemica properties of the passve film.

* Deveop new cdll chemidriesto improve the performance of Li-ion batteries.

Approach

* Apply a combination of ultra-high vacuum (UHV) surface anayticad methods and in situ infrared

vibrationa spectroscopy.
Accomplishments

* Completed a dudy of the chemidry of Li intercaddion into highly oriented pyrolytic graphite
(HOPG) by evaporation and anneding in UHV. Determined the surface chemistry of UHV cleaved

LiC4(0001).

*  Completed afull ab initio computationd study of the dectrochemicd reduction of solvents for Li-

ion batteries.
FutureDirections

»  Expeimentdly confirm ab initio computations of solvent reduction potentials usng in situ infrared

vibrational spectroscopy.

» Peaform ab initio computational studies of the eectrochemica reduction of candidate dectrolyte

additives.

» Cary out exploratory studies of pre-formed (dry process) layers on carbon/graphites.

The dudy of Li intercddion into graphite
(HOPG) in UHV by vacuum depostion and
thermd annealing was effectively completed. A thin
film of lithiated graphite was formed on the basa
plane of the HOPG by vapor deposition in UHV.
The compostion and dructure of the film was
Characterized usng angle-resolved X-ray
photoelectron spectroscopy PES). The take-off
angle dependence of the Li 1s and C 1s
photoedlectron intensities were calculated for various
models of the Li-graphite multilayer, and the results
were compared with experiment. The film Structure
and compostion was a function of the HOPG
subgtrate temperature during deposition: metalic Li
overlayer a T < ~220 K; a mixed metdlic Li
overlayer on intercalated graphite at ~220 K < T<
~400 K; and intercalated graphite at T > ~400 K.

There was no evidence of staging in this surface
intercaation process, just direct formation of Stage
[l layers. Thus, under the appropriate conditions
of syntheds, the compogtion (the Li/C
goichiometry) and eectronic properties of the
surface layer are identicd to those of a bulk LiCg
crysd.

A more difficult problem, and one which is not
fully resolved at thistime, isto determine the surface
termingtion in lithiatled HOPG and/or in LiCg(0001),
i.e, which is the equilibrium surface plane, the
graphene plane or the Li*-ion plane. Again, we are
atempting to make this determination usng the
take-off angle dependence of the Li 1s and C 1s
photodlectron intensties and detailed modding of
the photodectron emisson/diffraction from the
different surface terminations. The data gppear to



indicate termination in the graphene plane in
agreament with chemicd intuition.

The reaction of DEC with lithiated C(0001)
was dudied usng PES, and the spectra were
compared carefully againgt those for DEC on Li.
The initid stage of reaction gppears to be identicd,
but a higher temperatures (> ca 300 K) the
Spectrawere quite different. Interestingly, at 470 K
dl of the reaction products from DEC reduction
desorb from the surface (!!) of lithiated C(0001), in
contrast to the metdlic Li surface, where thermaly
dable Li compounds are formed. With the
assumption tha the surface of lithiasted C(0001) is
terminated in the graphene plane, an interesting
picture of the reaction with DEC emerges. The first
dep is eectron transfer from the graphene sheet to
the DEC molecule, which dissociates to form two
anions, ethyl carbonate and ethyl carbanion. These
anions ae bound eectrogtaticaly to Li* ions
beneath the intervening graphene sheet. Because
the binding is rdaivey wesk, and no direct bonding
to Li" occurs, the anions thermdly decompose
and/or recombine and desorb from the surface
upon hesting to 470 K. The final gaseous products
are postulated to be n-butane, CO and/or CO,,
and diethyl ether.

Electronic  dructure  caculations  were
performed on a number of carbonate and ethered
solvent molecules and thearr radical anions. These
cdculations were then used to cdculate from

classcad Born-Haber type thermochemica cycles
the standard potentids (E°) for eectrochemica
reduction of the solvent molecules a an inert
electrode, e.g., such as glassy carbon or graphite.
These cdculations showed that E° for reduction of
the carbonates PC, EC and DEC areca. + 1.0V +
03 V (vs Li/lLi") whereas for the ethers
tetrahydrofuran (THF), dimethoxyethane (DME)
and dioxolane the reduction potentids are dl
negative of 0 V (vs Li/Li"). For the carbonates,
the maor uncertainty obscuring more-precise
determinations of reduction potentids are the
solvation energies of the anions  Of particular
interest is the reduction potentid of EC redive to
PC, and rdative to 1.0 V, the onset potentia for Li
intercdaion into graphite.  Experimentdly, we
attempted to measure the reduction potential on
glassy cabon by cydic voltammetry in purified
THF dectrolyte to which mM quantities of EC or
PC were added. The result for EC is shown in Fig.
4. The caculated reduction potentid for EC in
THF was 111 V (vs. Li/Li%), in reasonable
agreement with a reduction peak potentia near 1.2
V. Morerefined caculations are in progress, as
well as further experiments to measure reduction
potentials of other solvents of interest. The present
results support the hypothesis that the SEI layer on
graphite/carbon eectrodes in EC-based solvents
forms a potentids postive of 1 V by preferentia
EC reduction.
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Figure 4. Electrochemical reduction of ethylene carbonate (EC) on glassy carbon by cyclic voltammetry. 1

mM ECinTHF with 1 M LiClO, supporting electrolyte.



Electrode Surface Layers
Frank R. McLarnon

Lawrence Berkeley National Laboratory, 90-1142, Berkeley CA 94720
(510) 486-4636, fax: (510) 486-4260; e-mail: frmclarnon@Ibl.gov

Objectives

e Apply advanced in situ and ex situ characterization techniques to characterize the structure,
composition, formation and growth of surface layers on carbonaceous anodes.

* Invedtigate surface treetment of current collectors for improved adhesion, conductivity and lifetime.

Approach

* Use dlipsometry, Raman spectroscopy, scanning probe microscopy and other methods to

characterize electrode surface layers.
Accomplishments

» Found that the thickness of the surface layer formed on carbon electrodes is weakly dependent on

the type of carbon materid.
FutureDirections

» Useoptical, spectroscopic and microscopic techniques to characterize changes in surface layers on
carbon electrodes in non-agueous e ectrolytes at elevated temperatures.

We have characterized SEIs on five types of
carbonaceous materids (i) HOPG (Advanced
Ceramics Corp.), (ii) natural graphite powder
(Hydro-Quebec), (iii) pyrolyzed carbon film on
dlicon wafers (produced in the Microfbrication
Facility at the Univergty of Cdifornia at Berkeey),
(iv) dectron-beam evaporated carbon film on glass
(Tufts University), and (v) eectron-beam
evaporated carbon film on a glass-based substrate
(International Crysta Manufecturing Co.). All as-
received carbon surfaces were specular, except for
the naturd graphite powder which we pressed at
~50 kps to form a smooth disk. We used
gpectroscopic dlipsometry to messure the optical
congants of these carbons, which exhibited non-
dispersve refractive indices ranging from 25t0 3.5
and extinction coefficients above 1.5.

The carbon films deposited on the glass-based
substrate exhibited broad overlapping Raman peaks
from 900 cmi’* to 1700 cm?, indicative of highly
disordered carbon. The other carbons showed two
distinct Raman peaks at 1600 cni and 1350 cm™,
corresponding to the G and D bands, respectively.
We will further andyze these Raman spectra to
identify changes in the carbon microstructures that
accompany charge-discharge cycling.

We caried out in sSitu spectroscopic
elipsometry of carbon surfaces in a 3-dectrode
cdl, which was desgned for use with the existing
LBNL dlipsometer. Viton O-rings or gaskets were
used a dl cdl ports to ensure proper seding. Our
method to deconvolute elipsometric spectra takes
into account eectrode surface roughness, which
varied from carbon to carbon.

Trandent dlipsometric spectra were recorded
as the carbon el ectrode was repeatedly cycled from
its open-circuit potentid (~3.0V vsLi)to0V and
then back to ~3.0 V a 1-5 mV/s. Most of our
experiments were carried out with 1M LiPFs-EC-
DMC (1:1 EC:DMC volume retio, EM Indudtrid
Inc., Sdectipur LP30) with a nomina water content
<30 ppm. In some experiments with HOPG and
the carbon films, 1M LiCIO4-EC-DMC was aso
used. The expected irreversible eectrode capacity
loss during the firg few charge-discharge cycles
was accompanied by sgnificant irreversible changes
of the dlipsometric parameters for al carbon
electrodes. Figure 5 shows the recorded transient
ellipsometric spectra for atypica carbon film during
the first three potentia cycles between 20 and 0V
a 1mV/s Andyses of these experimental deata
demondtrated that the changes of the elipsometric



parametersin first few cycles could be attributed to
SEl layer formation on the carbon surface. We
found SEI formation to be nearly independent of
factors such as type of carbon materid and
electrolyte identity. Typica SEI layers were 40-60
nm thick with refractive indices 1.4-1.5, suggesting
an optical compactness smilar to those of common
polymers. In some of our experiments, especidly
with LiCIO4-EC-DMC dectrolyte, the electrode
suface layers showed near-zero extinction
coefficients, which indicates a smdl SEI dectronic
conductivity.

In-situ ellipsometry of e-beam carbon
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Figure5. Transient ellipsometric spectrafor a carbon film
during the first three potential cycles between 2.0 and 0 V
almvVi/s.

In collaboration with the research group of
Prof. J. Evans, we combined the complementary
electrochemicd quatz crysd  microbdance
(EQCM) and  spectroscopic  lipsometry

Development of Novel Electrolytes
Kraig A. Wheeler

techniques to characterize dectron-beam deposited
carbon films. For EQCM studies, a 100-nm thick
carbon film was deposited onto one Sde of smooth
AT-cut quartz subgrate with two trangtion layers
(500-nm Cu and 10-nm Cr), and a 1-um thick Au
layer was coated onto the other side of the quartz
subgtrate. A homemade EQCM instrument and
potentiostat [H. Yang and J. Kwak, J. Phys.
Chem., B, 101, 774 (1997)] was used for
frequency measurements, its theoreticd mass
sensitivity was 12 ng/Hz o, For dlipsometric
measurements, the 100-nm thick carbon films were
deposited onto a glass subgrate with smilar
trangtion layers, and a somewhat larger working
electrode area was used in order to match the
elipsometer geometry. The combined EQCM and
elipsometry results strongly suggest that the SEI
layer was formed mainly during the firg potentid
cycle. Because the EC in the dectrolyte can be
reduced rdatively eadly, it is commonly accepted
that the SEI layer on carbon eectrodes contains
mostly akyl carbonates. Based on this assumption
and using a single homogeneous SEI layer modd,
we derived the thickness and optical properties of
the SEI on a typical e-beam carbon eectrode;
more-detailed andyses ae undeway.  This
collaborative research alows us not only to confirm
the presence of the SEI layers formed on carbon
electrodes but aso to determine their dengties and

optica properties.

Delaware State University, Department of Chemistry, Dover DE 19901

(302) 739-4934, fax: (302) 739-3979; e-mail: kwheel er @dsc.edu

Objectives

» Devdop dectrochemicdly sable arylsulfone and sulfone crosslinked polyethylene glycol (PEG)

electrolytes.

» Characterize and investigate e ectrochemica and physica properties of these eectrolyte materias.

Approach

* Prepare sulfone cross-linked PEG and arylsulfone materids.
* Assessmaterid structure and purity by standard spectroscopic techniques and solubility of Li sdts.

10



» Evduate the dectrochemica performance of sulfone materias in Li-ion cdl applications.

Accomplishments

» Prepared and characterized a divinylsulfone cross-linked PEG-400 and six arylsulfones.
*  Observed effective Li-ion dissolution by arylsulfones with LiN(CF;SO,),.

FutureDirections

* Prepare sulfone-based PEG polymers via methylvinylsulfone precursors to assess structure-function

relaionships of polymeric materids.

» Complete dectrochemical characterization of sulfone materias.

The objective of this project is to develop
sulfone-based eectrolytes for Li-ion cdls  The
rescarch  effort centers on  synthess and
characterization (Spectroscopic and
eectrochemica) of dectrolyte materids to
determine the dtructurd principles responsible for
electrochemicd gability.

The synthess of arylsulfones with formula aryl-
SO,-R (where R = CH;, CF; CH3;CH,, and
benzyl) were carried by (i) treetment of an arylthiol
with NaOH to give sodium arylthiolate, (i) direct
akylation of the anion to form an dkylarylsulfide,
and (i) subseguent  oxidetion via m-
chloroperbenzoic acid or HO,. Confirmation of
the chemical dructures of these arylsulfones was
obtained by spectroscopic or XRD andyss.
Severd methods to remove trace impurities were
employed; the most notable by successve
recrystdlizations in CH,Cl,/ligroine solvent systems.

PEG aulfone polymes were successfully
prepared by employing a combination of anionic
and radicd initiation conditions. Condensation of
PEG and 3-chloro-2-(chloromethyl) propene via the
Williamson ether synthesis resulted in polyether
precursors. It was observed that extended reaction
times, devated temperatures, or radicd initiation
processes resulted in the unwanted cross-linking of
the polyethers. The development of dternative
methods using in situ reaction conditions provided
highly viscous materids with minima crosslinking.
The radica-initiated reection of divinylsulfone and
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these olefinic polyethers formed controlled cross-
linked molecular architectures lacking dlefinic
functiondity (Scheme 2). These synthetic methods
produce sdf-ganding polymer films with excellent
mechanical properties. The introduction of cross-
linking groups to the backbone of PEO polymers

improved the amorphous content and
electrochemical gability of the compounds.
To underdand the effect of dructurd

parameters of arylsulfone-based dectrolytes on
electrochemicd performance, we evauated the
eectrolytes in Li-ion cdls. This effort had limited
success due to the unexpected insolubility of LiPFs,
LiSO;CF3, and LiCIO, in the arylaulfones. A
search for compatible Li sdts  reveded
LiN(SO,CF;), as a suitable sdection. The infinite
solubility of LiN(SO,CF3), in sulfones is due to the
dructurd smilarities of both chemica classes The
eectrochemicad  behavior of  aylsulfonesd
LIN(SO.CF3), in Li-cdls showed favorable
regponses and did not undergo dectrolytic
degradation at 4.5 V.

PRESENTATION

J-J. Lee, T. Bae, D.A. Scherson, B. Miller and
K.A.  Wheder,  “Nitrogen-Incorporated
Tetrahedral Amorphous Carbon Electrodes in
Ambient Temperature Chloroauminate Mdts”
196" Meeting of the Electrochemical
Society, Honolulu, HI, October 17-22, 1999.
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Carbon Electrochemistry

Kim Kinoshita
Lawrence Berkeley National Laboratory, 90-1142, Berkeley CA 94720
(510) 486-7389; fax: (510) 486-4260; e-mail: k_kinoshita@Ibl.gov

Objective

Identify the criticl parameters that control the reversble intercdation of Li in carbonaceous
materias and determine their maximum capacity for Li intercaation.

Approach

Couple dectrochemicad studies with physical measurements to correlae the relationship between the
physicochemica properties of carbonaceous materids and their ability to intercalate Li.

Apply thermd analysis and microscopy techniques to characterize the structure of carbon materids
for Li-ion batteries.

Accomplishments

Observed a strong correation between the irreversible capacity loss (formeation of SEI layer) and
the relative fraction of edge Stes associated with graphitized carbons.

In situ dlipsometry/dectrochemistry studies on graphite indicated that SEI formation was strongly
influenced by the type of Li sdt (conducted in collaboration with HydroQuebec and Frank
McLarnon’sgroup at LBNL).

FutureDirections

Continue collaboration with Superior Graphite and HydroQuebec to identify alow-cost carbon with
improved rate capability in Li-ion batteries.

Continue in situ dlipsometry studies of lithiated carbons, and determine the relationship between the
type of carbon and the properties of the surface layer formed during the first charge cycle.

The objective of this project is to identify the
criticd parameters that control  the reversble
intercalation of Li in carbonaceous materids. This
project involves invedigaions of the role of
physicochemica properties of carbonaceous
meaterids on their ability to reversbly intercalate Li.
This latter effort is coordinated with the research
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conducted at HydroQuebec to develop improved
carbonsfor Li-ion batteries.

The oxidation of naturd graphite particleswith a
prismatic (flake-like) structure was investigated by
thermd gravimetric anadlysis (TGA) and differentid
thermd andyss (DTA). The objective of this sudy
is to examine the rdationship between the rdative
fraction of edge Sites and the oxidation behavior of



grgphite, and use this information to gan some
indght on the role of edge gtes on the irreversble
capacity loss (ICL) on carbon dectrodes in Li-ion
cdls. The gpproximate prismatic sructure of the
natura graphite provided a model geometry from
which the rdative fraction of edge and basd-plane
dtes was determined. The three thermd
parameters, ignition temperature (T;), temperature
maximum (T,) in the DTA curves, and the
temperature a which 15% carbon weight loss is
atained (Tis5), were determined for a series of
natura graphite samples (average particle size, 2-40
mm) usng Smultaneous TGA/DTA. The results
shown in Fig. 6 support the observation that the
fraction of edge sStes has a srong influence on the
therma parameters (T;, T, and Ti5) for the
oxidation of grgphite. The relaive fraction of edge
Sites decreases, and correspondingly, the fraction of
basal plane gtes increases with an increase in the
average particle size of the flake grephite. Because
the reactivity of carbon in the basal plane is less
than that of carbon in the edge sites, the oxidation

parameters increase with an increase in particle size.
900

Temperature CC)

0 5 10 15 20 25 30 35 40

Particle size (micron)
Figure6. Change in thermal parameters with particle size
of flake graphite.

The collaboration with Superior Graphite
(SGC) continued with the focus to evaduate
dterndiive grephitized carbons for the negative
eectrodes in Li-ion cdls. SGC now has severd
commercidly available naturd graphites for Li-ion
batteries.  We have examined their oxidation
behavior by TGA/DTA to hdp characterize their
properties (Table 1). Their thermal parameters are
compared to those of graphitized carbons obtained
by heat trestment to 2800°C. It is gpparent that the
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therma parameters of the naturd graphites are
higher than those of the artificid graphites. The data
show tha the ignition temperature, T;, is much
higher for the naturd graphites. This result suggests
that these naturd graphites have a higher fraction of
edge sites than the graphitized carbons. The natural
graphites and mesocarbon microbead (MCMB)
25-10 have comparable vaues of T, and Ts,
suggesing that they have some common
crysalographic structure.  The future plans are to
collaborate with SGC to identify the gppropriate
precursor to produce a low-cost graphitized carbon
with properties Smilar to those of MCMB.

PUBLICATIONS

T.D. Tran, D.J. Derwin, P. Zaeski, X. Song and
K. Kinoshita, “Lithium Intercalation Studies of
Petroleum Cokes of Different Morphologies”
J. Power Sources, 81-82, 296 (1999).

W. Jang, T. Tran, X. Song and K. Kinoshita,
“Andyss of the Irreversble Capacity Loss on
Carbons for Li-lon Batteries,” in Proceedings
of the 34th Intersociety Energy Conversion
Engineering  Conference, Society  of
Automotive Engineers, Warrendae, PA (1999)
p. 57; paper no. 1999-01-2464; meeting held
on August 1-5, 1999, Vancouver, Canada.

G. Nazri, B. Yebka, M. Nazri, D. Curtis, K.
Kinoshita and D. Dewin, “Safety and
Reactivity of Carbonaceous Anode in Lithium-
lon Batteries” in Solid-Sate lonics V, Val.
548, G. Nazri, C. Julien and A. Rougier, eds,,
Materials Research Society, Warrendale, PA
(1999) p. 27.

T.D. Tran, X. Song and K. Kinoshita,
“Invettigation of Lithiated Carbons by
Transmisson Electron Microscopy and X-Ray
Diffraction Andyss” in Solid-State lonics V,
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eds., Materias Research Society, Warrendale,
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K. Kinoshita, “Advanced Anode Materias for Li- and M Datta, eds, Gordon and Breach
lon Bateies” in New Trends in Science Publishers, Reading, UK (1999), p.
Electrochemical Technology: Energy 193-251.

Sorage Systems for Electronics, T. Osaka

Table 1. Thermal parametersfor natural graphite and graphitized carbons.

Sample Processing Particle BET Ti Tm Tis
gze Area | (°C) (°C) (°C)
(Hm) (nf/g)

LBG-73 natural graphite 43 2.8 657 850 783

LBG-25 natural graphite 10.73 5.28 645 834 770

Fluid coke heat treated 2800°C 25 5.1 486 2 661

Needle coke heat treated 2800°C 21 6 581 826 768

MCMB 25-10 heat treated 2800°C 10 - 559 844 772

Corrosion of Current Collectors

James W. Evans (Lawrence Berkel ey National Laboratory)
University of California, 585 Evans Hall, MC 1760, Berkeley CA 94720
(510) 642-3807, fax: (510) 642-9164; e-mail: evans@socrates.berkeley.edu

Objectives

» Examine corrosion of current collectorsin Li batteries.

» Develop corroson-resistant collectors and/or corrosion inhibition approaches.
» Develop the EQCM asatool for investigating reactionsin Li batteries.
Approach

* Use EQCM technique to develop understanding of the corrosion behavior of current collectors and
corrosvity of various dectrolytes, dong with other reactions limiting the performance/lifetime of Li
cedls.

» Measure rates and identify corroson processes of current collectors in Li batteries under different
charge conditions and systems by scanning eectron microscopy (SEM).

Accomplishments

» |dentified two mgor factors that are critica to the corrosion of Al current collectors, i.e., chemica
and mechanicd factors, by goplying the EQCM technique to the mechanicdly damaged Al in
various electrolytes.

* Obsarved pitting corrosion on a scratched Al dectrode in dectrolytes such as LiN(CF;SO,)./PC
usng SEM.

Future Directions

» Examinethe corrosion of Al or other candidate materias only as needed (e.g., to examine corrosion
behavior of nove eectrolytes).

* Usethe EQCM to examine the SEl layer a the carbon/eectrolyte interface to determine SEI
composition and stability. The research is a collaboration with the group of Frank McLarnon to
examine the SEI layer by both dlipsometry and EQCM.

» Usethe EQCM for a quantitative characterization of reversible and irreversible reactions according
to the charge/discharge cycle number.
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This program focuses on the characterization of
corrogon of Al, which is commonly used as a
current collector for the pogtive eectrode in
rechargeable Li batteries.  Two kinds of Al
electrodes were tested for the program (thin-film Al
on the quartz crystad and carbon-coated Al
provided by GM). Aluminum current collectors can
be used because of the normaly dow corroson
(rether than any thermodynamic inertness of Al),
however a corroson problem occurs when the
passvating film on Al bresks down. Because the
EQCM can dmultaneoudy measure, with high
sengtivity, the mass change of the Al dectrode and
the charge transfer associated with Al corrosion,
this technique is our mgjor experimenta tool for the
Sudy of the mechanism of corroson and protective
film formetion.

Mechanical factor. The AlLO; film can be
damaged during manufacturing or overcharging.
Furthermore, repassvation viaformation of Al,O3 is
not facle in gprotic eectrolytes. Therefore, it is
important to investigate, usng an Al eectrode with
the Al,O; damaged or removed, whether another
passivation process occurs and how severe the Al
corrosion is. For this purpose, Al dectrodes were
used after polishing or scratching in a glove box.
The Al was polished with severd different media:
aumina particles, diamond particles, and a polishing
cloth containing slicon carbide particles. Scratching
was done with tweezers and was usudly sufficiently
extensve to disrupt the whole of the dectrode
aurface.  The cycdlic voltammetry (CV) data of
vaioudy treated Al in LIN(CF3S0,),/PC showed
that the corroson current is much larger with
electrodes that were scratched or polished with a
dlicon carbide cdoth than with the other media
Figure 7 shows an Al surface before (7a) and after
one cycle (7b). In this ingance the sample was
scratched only once so that an individud scratch,
running from top to bottom of the micrographs can
be discerned. Corrosion pits are evident in 7b and
are clearly associated with the scratch. It follows
from these micrographs and CV data, that
corroson occurs in the area where the passivating
filmisremoved. The duminaand diamond particles
are less dfective in extensvely disupting the Al
aurface and rendering the metad susceptible to
oxidation.
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Figure 7. SEM images of a line of scratch made by
tweezers on Al surface (a) before, and (b) after the cyclic
voltammetry between 2 and 4.5V in 1M LiN(CF;SO,)./PC.

Chemical factor. Electrolytes tested for this
sudy ae: propylene carbonate (PC) containing
LiN(CF3S0,),, LIC(CF;S0,)s, LICF;S0s, LiPF,
LiBF4 or LiCIO4, sngly or in a limited number of
combinations, and poly(ethylene glycol) dimethyl
ether (PEGDME) solution containing
LiN(CFsS0,)..

Figure 8a shows a cyclic voltammogram for a
polished Al dectrode in IM LiN(CFsSO,)./PC.
The oxidation current is dtributed manly to Al
corroson, not to oxidation of N(CF;SO,), or PC.
Figure 8b shows a smultaneoudy acquired mass
change diagram. The mass increases with potentid
scanning and then decreases. If Al is oxidized to
soluble AP, the mass should decrease with
scanning. This result indicates that Al is oxidized to
AP* and a the same time AP forms a complex
sauch %A'[N(CF3S)2)2]3 formed with N(CFgSOz)z_
anion on the Al surface. In Fig. 8a, the current is
very smdl a <3.5V during the cathodic scan, and
the mass decreases.  This suggests that an
electroless desorption process takes place. Thus,
the mass of the Al dectrode decreases. This
corroson behavior also gppears in PC solutions
(Dntanlng LlC(CFgSOz)g or LlCFgSOg
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Figure8. (a) cyclic voltammogram and (b) simultaneously
acquired mass change diagram for an Al electrode
polished with a SIC clothin 1 M LiN(CF3S0,)./PC.

Two possble mechanisms to explan the
corroson behavior of Al in LiN(CF;SO,),/PC are
suggested. One is that the AI[N(CF:S)y)2)s



complex desorbs dowly from the Al surface after it
forms on the dectrode. The other is that the
AI[N(CF;S),).];s complex is oxidized and then
desorbs dowly.  In both cases, dectroless
desorption occurs.

Figures 9a and 9b show a cyclic voltammogram
and a smultaneoudy acquired mass change
diagram, respectively, in LiPR/PC. The current is
subgtantid during the first anodic scan, but it is small
during the first cathodic scan and throughout the
second scan.  The mass shows a large increase
during the firg anodic scan, and only a smal
increase during the first cathodic scan and the
second scan.  The result shows that Al corrosion
does not occur in this solution even though AlL,O3
was removed from the electrode surface
Moreover, the mass increese means that the
passvaing film is formed during the fird anodic
scan.  This corroson behavior aso occurs in
LiBF,/PC and in LiN(CF;SO,),/PEGDME.
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Figure9. (a) cyclic voltammogram and (b) simultaneously
acquired mass change diagram for an Al electrode
polished with a SiC cloth during the first two cyclic scans
in1M LiPrR/PC.

Assuming that the mass change of ALO; is
caused only by faradaic processes, the mass and
charge are represented by Faraday’s law where we
could find the retio of the gpparent molar mass of
gpecies causng mass change to the number of
electrons taking part in the process. This ratio is
near 20 for the systems that show the monotonic
mass increase such as LiPR/PC. Therefore, if we
exclude the posshility of a composte passvating
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film, the man component of the film can be
consdered as AlF.

Based on the fact that Al corroson is hindered
by apassvaing filmin LiPF/PC and LiBF4/PC, an
attempt was made to prevent corrosion by addition
of LiPFs or LiBF, to LiN(CF3SO,),/PC, and these
additions were found to be hepful in limiting
corrosion.

Corrosion of carbon-coated aluminum
provided by GM. The corroson behavior in
LiPF/EC+DMC was investigated for three kinds
of dectrodes untrested Al fail, Al foil polished with
a dlicon carbide cloth in a glove box, and carbon-
coated Al foil. Ther cyclic voltammetry data show
that the eectrochemicd behavior of the carbon-
coated Al is totdly different from the other Al fails.
The open circuit potentid of coated Al is about 3.6
V vs. Li/Li*, much higher than that of bare Al, and
much larger current flows during the firg two
cycles. Contrary to the case of polished Al, for
which anodic film forms during the firs cyde and
reduced current is observed during the second
cycle, the carbon-coated Al appears to show no
such  corrogorHlimiting  characterigic  of  the
underlying Al.

PUBLICATION

Y. Chen, T.M. Devine JW. Evans, O. Montero
and |.G. Brown, “Examination of the Corrosion
Behavior of Aluminum Current Collectors in
Lithium/Polymer Batteries” J. Electrochem.
Soc., 146, 1310 (1999).
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H. Yang, K. Kwon, T.M. Devine, and JW. Evans,
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Electrochemical Society, Honolulu, HI,
October 1999



HIGH-PERFORMANCE NON-FLAMMABLE ELECTROLYTES

The safe use of high-power Li-ion batteries requires a better understanding of the abuse tolerance of the cell
components a higher operating temperatures, and the stability limits of the dectrolyte. A mgor technica
chdlenge is to develop an dectrolyte that is non-flammable, and a the same time, has physcochemica
properties that produce acceptable eectrochemica performance in Li-ion batteries. Studies were initiated in
FY 1999 to develop non-flammable dectrolytes (NFES) for Li-ion batteries.

Non-Flammable Electrolytes
Kim Kinoshita

Lawrence Berkeley National Laboratory, 90-1142, Berkeley CA 94720
(510) 486-7389; fax: (510) 486-4260; e-mail: k_kinoshita@lbl.gov

Objective

« Develop NFEs that have flash points >100°C, high ionic conductivity (>10° Slcm at 20°C), wide
electrochemica voltage window (0-5 V), compatibility with other cell components, environmentaly
friendly and which can pass abuse tolerance testing in Li-ion betteries.

» Determine the catdytic influence of dectrode active materids on the thermd stability of NFEs a

elevated temperatures.
Approach

» Utilize gas chromatography to determine the therma gahility of the basdine eectrolyte [1 M LiPFg
inamixture of 1:1 (moal ratio) EC/DMC] and NFEs at elevated temperatures.

* Apply chromatographic and spectroscopic techniques to investigate the catdytic interactions

between the dectrolyte and € ectrode components.

Accomplishments

» Caried out gas chromatography (GC) and nuclear magnetic resonance (NMR) studies which
suggested that polyether carbonates are formed during therma decompostion of the basdine

electrolyte at 85°C.
FutureDirections

» Complete chemical andysis of the decomposition products from the basdline eectrolyte.
» Initiate chemicd andyss d the decompostion products from the flame-retardant additives and

NFESs provided by subcontractors.

Experiments were conducted to determine the
therma gability of the basdine eectrolyte [1IM
LiPFs in 1:1 (mol ratio) ECDMC] electrolyte for
Li-ion batteries. The dectrolyte was heated to
85°C and samples were removed periodicdly for
andyss by GC. Gas evolution (which may be
CO,) was observed in eectrolytes heated at 85°C
for severd days and the production of a brown-
black materid was aso observed. Extraction of the
materid in wae/methylene chloride and GC
andysis of the organic phase produced no changein
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the GC trace; therefore, remova of water-soluble
compounds from the reaction mixture does not
change the chromatogram.

The GC trace from the dectrolyte mixture
shows two clearly separate solvent peaks for DMC
(5min retention time) and EC (about 14.1-min
retention time). The GC trace shows that a sample
of eectrolyte heated to 85°C contains the solvent
pesks dong with a large new peak a 13.8-min
retention time and severd others of lower intengty.
The pesk intengity for EC decreases as a function



of dorage time indicative of the gradudly
decomposition of EC at 85°C. On the other hand,
the GC sgnd intengty for DMC remains essentialy
condant, indicating that DMC is dable during
storage at 85°C. The identity of the mgor new
compound is unknown at this time, but its relative
intengity increases with storage at 85°C.

The decompostion mechanism may occur
through the ring opening of EC via complexation
with a Lewis acid. The Lewis acid, PFs, may be
generated by a disproportionation reection of the
electrolyte st

PFe <->PFs+ F 1)

When pyridine is added to the eectrolyte (20
mg/2mL), it remans clexr even after hedting a
85°C for 11 days. Thus, the overall decomposition
reaction is inhibited by the addition of organic bases
(such as pyridine), which increase the gability of the
st by inhibiting the disproportionation reaction. A
ring-opened product from EC may be etheric in
structure; mass spectroscopy of the peak confirmed
this possibility as such moieties are observed. The
solvent heated done produces this product in avery
gndl quantity, adding any <dt increeses the
reectivity of the EC; however mixtures with 1 M
lithium trifluoromethane sulfonate (LiTf) or lithium
trifluromethane sulfonimide (LITFS) are much more
gtable than those with LiPF.

A sample of trifluoroethylene carbonate
(CFsCH,OCOOCH,CF3) (ETC) was obtained
from Sandia National Laboratories (SNL) and used
as an additive to the baseline eectrolyte. It appears
that no gppreciable difference in the decomposition
rate of the basdine dectrolyte is observed when 10
wt% ETC is added. However, the gas
chromatogram from the sample contaning ETC
shows pesks that may be indicative of 17 new
compounds, whereas the LiPFs eectrolyte has GC
pesks tha may be associated with four new
compounds after heating to 85°C. Clearly the ETC
is involved in decompostion or reaction with the
electrolyte.
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Thermogravimetric  andyses (TGA) were
initiated to study the gtability of LiPFs. The weight
loss of solid LiPFs at 70°C under flowing nitrogen
was measured with a microbadance (Modd SDT
2960, TA Ingtruments). The results indicate that
LiPFs undergoes sgnificant weight loss in a meatter
of hours (weight loss of 60% in 200 min). The
eectrolyte salt, LiPFg, exigsin an equilibrium thet is
dependent on the PFs pressure in the products:

LiPFs o <-> LiF(S) + PFg © (2)

Addition of a solvent with minimal vapor pressure
hindered the escape of PFs in the TGA experiment.
This was verified by usng a solution of polyether
carbonate, (CH,CH,0);COQO), (PEs;), as an
involatile solvent in the TGA experiment. After 200
min a 70°C, the weight loss was only 20%. The
colligative properties of the solution decrease the
rate of PFs loss, and the solvent/PFs reactivity
dowsiitsloss rate a 70°C. The solvent incresses
the reverse-rate of the process (2) or reacts with
the gas to produce new products.

A Shlenk technique was developed to follow
the reaction of PFs gas and eectrolytes a room
temperature.  The prdiminary experiments to
demondrate the viability of the method involved
reections of solid LiPFs; and EC/DEC/LiPFs. The
reactions produced a brown solution within a day.
The gppearance of the solution after this reaction is
identica to that obtained by heeting eectrolytes
EC/DMCI/LiPFs and PEs/LiPFe.

Proton NMR sudies of the therma reaction
products from EC/DMC/LiPFs show the presence
of pesks at 3.73, 3.74, 4.31 and 4.49 ppm (from
TMS). Singlets a 3.73 and 4.31 are due to DMC
and EC, respectively, and the other peaks match
well with the proton NMR spectrum for polyether
carbonates (CH,CH,0),,COO), reported in the
literature [*The polymerizetion of ethylene
carbonate” L. Vogdanis & W. Hetz Macromol.
Chem,, Rapid Commun. 1986, 7, 543]. These
results suggest that PFs is respongble for the
polymerization reactionsin the eectrolyte.



Development of Nonflammable Electrolytes
J. Prakash

[llinois Institute of Technology, Department of Chemical and Environmental Engineering,

10 W 33" Street, Chicago, IL 60616

(312) 567-3639, fax: (312) 567-8874; e-mail: prakash@iit.edu

Objectives

+ Develop nonflanmable eectrolytes with high flash point (>100°C), high ionic conductivity (107
Scm), and wider voltage window (0-5 V vs. Li) in an effort to provide better therma stability and

fire sfety.
Approach

Modify existing dectrolytes by usng nove flame-retardant (FR) additives that are compatible with

active dectrode materids and the environment.

Use chemicd, dectrochemica, and therma techniques to investigate the stability and performance

of dectrolytes modified with FR additives.
Accomplishments

Filed aprovisond U.S. patent (#60/152,071) on “Nonflammable e ectrolytes for batteries’.
Transferred FR to Argonne Nationa Laboratory (ANL) for further evauation in PNGV Li-ion cdlls.

FutureDirections

Investigate hexa-methoxy-triaza-phosphozene (HMTAP) in seded large (18650) cells in collaboration

with ANL and Polystor Co.

Investigate the utilization mechanism of FR in Li-ion cdls
Initiate investigations of the synergidtic effect of FR and thermally stable sdlts (triflate and imide) in Li-ion

cdls.

Experiments were conducted to evauate the
theemd and dectrochemicd behavior of the
basdine eectrolyte (EC-DMC/LiPFs), and to
identify FR additive(s) that provide improved
therma and flame properties such as phosphorous
oxide (P,Os). Addition of ROs in the dectrodes
did not produce any sgnificant improvement in the
thermal behavior of aLi-ion cdl. Subsequently, we
gyntheszed and  characterized  HMTAP,
(N3Ps[OCH,CHj3Js, as a FR for Li-ion cdls. CV
was used to invedigaie the eectrochemica
dabilities of the basdine dectrolyte and the
electrolyte containing FR in the voltage window of
0-5V vs. Li. The CVswere obtained on a Pt disk
electrode in a voltage range of 0-20 V and on a
glassy carbon disk electrode between 2.0 and 5.0
V. Comparable eectrochemicd sabilities were
observed for both the basdine dectrolyte and FR-
containing eectrolyte, suggesting that the FR was
electrochemicaly stable between 0to 5.0V vs. Li.

The eectrochemica peformances of cdls
fabricated with and without FR were evauated in
2016 coin cdls at various charge and discharge
rates. The charge and discharge capacities of a
Li/LiNip.sC0o.20, cdl containing 1.5 wt% FR were
noticegbly higher than that of a comparable cdll
without FR. However, the reason for this capacity
increese is not clear a this sage.  Further
experiments to quantify this difference are currently
underway.

The sdf-hest rate profile of the ectrolyte with
and withot FR was evduated usng an
Accderating Rate Cdorimeter (ARC). These
results are shown in Fig. 10. It is evident that the
maximum self-heat rate of the dectrolyte without
FR is 0.68°C/min, which occurs a T=177.6°C.
This is dtributed to the reaction of Li with the
eectrolyte.  As the reaction proceeds, Li is
consumed, and thus the exothermic peaks decrease
as the temperature increases above 177.6°C. On



the other hand, the maximum sdf-hest rate of the
eectrolyte containing FR is only 0.1957°C/min a
T=170.2°C. The peaks were suppressed in
comparison with those for the dectrolyte without
FR, which may be attributed to the passivation layer
thet is formed on the surface of the Li metd by the
flane-retardant additive. Results of these therma
investigations drongly suggest that the addition of
the FR to the dectrolyte sgnificantly reduces the
df-heat rate, which in turn, heps to improve the
non-flammability of the dectrolyte. Methods to
investigate the flame characteridics of the FR
additives in Li-ion cdls ae currently beng
designed.

The reaults of the present investigations show
that HMTAP is a viable FR for Li-ion cdls. This
FR performed very wdl in smdl coin cdlsin short-
term cycling. However, there are severd important
issues related to the use of this materid in Li-ion
cdls that must be investigated in detall. These are
related to the performance of the FR in scaed-up
Li-ion cdls, investigation of interna pressure due to
the FR, the effect of FR on long-term cycling, and
the mechanism responsble for the capacity
increase.  In addition, the reaction mechanism by
which the FR works dso must be investigated.
These include the formation of a less-permegble

Non-Flammable Electrolytes
K.M. Abraham

Covalent Associates, Inc., 10 State Street, Woburn, MA 01801

and protective coating on the eectrode surface,
reducing the oxygen concentretion in the flame, and
heat disspation by an endothermic change in the
retardant such as by fuson or sublimation. It may
or may not be necessary for the flame retardant to
decompose with the liberation of haogens at
somewha lower temperatures than  the
decomposition temperatures of the substrate. The
undergtanding of the mechanism will greetly hdp in
synthesizing better and inexpensve materids as FR
additives, and in sdlecting ways to incorporate these
additivesin cdls

*-without FR_~®—with 10 wt% FR

o
=2}

T=177.6 °C, maximum self-heat rate is 0.68 ° C/min

o
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w
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Figure 10. Therma behavior of 1 M LiPFgs with EC-DMC
containing 0.0 and 10.0 wt% of the HMTAP flame-
retardant additive using ARC.

(781) 938-1140; fax: (781) 938-1364; e-mail: abraham@covalent.tiac.net

Objective

» Deveop NFEsfor Li-ion batteries which meet the gods for high power and thermd abuse tolerance

for trangportation applications.
Approach

* Invedtigate fluorinated esters as e ectrolyte solvents for Li-ion batteries.

 Prepare and characterize dectrolytes in 2,2 2-trifluoroethyl acetate (TFEA) and ethyl
trifluoroacetate ETFA), solvents chosen to determine how the positions of the fluorine aoms
relaive to the carbonyl group in the ester affect their performance as dectrolyte solvents.

Accomplishments

» BEvduated TFEA and ETFA as dectrolyte solvents for Li-ion batteries.



» Prepared highly conductive dectrolytesin TFEA with LiPFg, LiIN(SO,C,Fs), and LiC(SO,CF3)s.

o ldentified TFEA/EC(1:1)-LiX solutions where LiX is LiPFs or LiC(SO,CF3);, as dectrolytes
suiteble for reversbly intercaating Li into graphite and compatible with high-voltage cathodes.

FutureDirections

»  Congruct Li-ion cellswith the new eectrolytes and evauate ther cycling and safety behavior.
*  Compare and contrast the eectrochemica and safety characteristics of the dectrolytesin fluorinated

ethyl acetates versustheir chlorinated anaogs.

The objective of the program is to develop
NFEs for Li-ion batteries that meet the
requirements for high power and thermd abuse
tolerance in trangportation gpplications.  Our
approach is to use halogenated esters as solvents
for Li-ion battery eectrolytes. Electrolytes were
prepared and characterized in TFEA and ETFA
and in the mixed solvents formulated from these
estersand EC.

Physical Properties of Solvents and
Electrolytes. Both TFEA and ETFA were
isolated as colorless liquids with the former having a
boiling point of 78-80°C and the latter 60-62°C.
They were isolated with >99% purity and a water
content of <20 ppm. Electrolytes were prepared in
both TFEA and ETFA with LiPFs, LiIN(SO.C;Fs),
[LiBeti] or LiC(SO.CF3); [Li methide], and the two
solvents showed marked differences in their ability
to dissolve these sdts. Solutions with about 1 M Li
st could be prepared in TFEA with dl three dts,
but poor Li sdt solubility was observed in ETFA.

Conductivities of 3.3, 2.3 and 1.8 mS’cm were
measured at room temperature for 1M solutions of
Li Prs, Li C(302CF3)3 and Li N(802C2F5)3,
respectively. It was possible to increase the
conductivities with EC as a cosolvent. For LiPF,
LIC(SC)2CF3)3 and LiN(SOzCzF5)3 lutions in a
11 (by volume) TFEAIEC mixed solvert,
conductivities of 7.5, 47 and 51 mScm,
respectively, were measured at 20°C.

Priminay IR and *C NMR spectra data for
LiPFs solutionsin ETFA and TFEA suggested that
the solubility differences of the Li sdts in these
solvents is attributable to their ability to solvate Li*
ions. The *C NMR spectrum revealed a downfield
chemica shift in the carbonyl carbon of TFEA from
170.34 ppm to 172.63 ppm when 1 M LiPF; was
added, indicating strong interactions between Li*
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and C=0. On the other hand, for ETFA, LiPFs
addition produced little change in the *C NMR
chemicd shift, suggesting poor chemicd interactions
between Li* and C=0. It appears that when the
highly dectronegative CF; is closer to the carbonyl
group, the oxygen lone-pair dectrons are pulled
toward CF; making the oxygen poorly solvaing.
This view is subgstantiated by |IR-spectral data that
showed C=0 absorption pesks due to both Li*-
complexed and uncomplexed species in TFEA-
LiPFs. Conversely, no separate peaks attributable
to a Li*-complexed specie was observed in ETFA-
LiPFs.

Electrochemical Stability.
Electrochemicd dabilities of TFEA €ectrolyte
solutions were determined from dow-sweep (1
mV/s) CV on a Pt eectrode. The potential scan
from30to 0.0V vs Li*/Li in TFEA/IM LiPFs
showed a reduction pesk a ~2.5V, which
completely disappeared in a second scan. It
gppears that the initid reduction of the dectrolyte
results in the formation of a SEI, which prevents
further reduction of the dectrolyte as it is
impermegble to the solvent. This dectrolyte
showed good oxidetive stability as the oxidation
current remained bdow 5 pA/cn? when the
potentiad was scanned from 0.0 to 5.0V vs. Li*/Li.
There were no dgnificant differences in the CV
reponses of the solutions prepared with the
different sdts. The use of EC as a cosolvent,
however, increased the reduction dability of the
dectrolytes, as evidenced by the dggnificant
decrease in the cathodic current a 25 V.
Therefore, it appears that an EC.TFEA mixed
solvent is a better choice for Li-ion cdls.

Li/Graphite Cells. Lithium intercaaior/
deintercdation cepacities of graphite were
determined in EC/TFEA-LiX dectrolytes A



typica result with the EC/TFEA(1:1)-1M LiPFg Li/graphite cell using the EC/TFEA (L1)-LiPFs (1M)

solution is displayed in Fig. 11. The reversble solution. 14 = I - 0.1 mA/ent

capacity of ~360 mA/g is very cdose to the ]

theoreticd vaue of 372 mAh/g for graphite. 3
Li/LiCoO, Cells. Li/LiCoO, cdls were 1

dso cyded usng ECTFEA(L:1)-IM LiX

eectrolytes (Fig. 12). These results demondrate
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Figure 11. Typical charge/discharge cycles for a

NON-CARBONACEOUSANODE MATERIALS

Every Li-ion battery on the market today uses some form of carbon as its anode materid. These batteries
suffer from safety, cycle life, and storage-life problems. It is for these reasons that non-carbonaceous anodes
are being developed as possible dternatives to carbon.  Investigations are underway to identify low-cost meta
aloys with potentialy acceptable capacity, rate, cyclability and cdendar life.

Non-Carbonaceous Anode M aterials

Michael M. Thackeray
Argonne National Laboratory, Chemical Technology Division, ArgonnelL 60439
(630)-252-9183; fax: (630)-252-4176; e-mail: thackeray@cmt.anl.gov

Objective

* Deveop and characterize high-capacity non-carbonaceous anode materids that operate a few
hundred millivolts above the potentid of metallic Li.

22



Approach

* Invedigate sdlected intermetdlic Structures that operate as insartion eectrodes for Li with relaively
little volume expanson compared to conventiond “dloy” dectrodes.

* Focus on NiAs and zinc-blendetype dructures, and characterize their sructura and

electrochemicd properties for Li-ion insertion.

Accomplishments

* ldentified CusSns (NiAstype structure) and InSb (Zn-blende-type structure) as possible insertion

dectrodes for Li.

» Recognized Zn-blende framework recognized to have three-dimensiond interdtitia space for Li;
upon lithiation CusSns structure transforms to lithiated Zn-blende (“Li,CuSn”-type) structure at

~400 mV above Li potentid.
FutureDirections

» Undertake detailed structura and dectrochemica characterization of CusSns and InSb electrodes.
» Continue to explore NiAstype and Zn-blende-type Structures with optimized eectrode and

electrochemicd properties.

The objective of this task is to develop and
characterize non-carbonaceous anode materias for
high-energy rechargesble Li batteries for EVs and
HEVs. A specific objective of the research effort is
to identify materias that are inherently safer than
carbon-based eectrodes without compromising
capacity, rate cgpability and cycle life (particularly
when subjected to overcharge conditions at
elevated temperature). The search for new,
inexpensve materids has focused on intermetalic
materids that have potentids a few hundred
millivolts above Li and with capacities >300 mAh/g,
or 1000 mARhml.

Our research demondrated that certain binary
intermetdlic sysems, such as those in the Cu-Sn
and In-As sysems, can accommodate Li
topotactically within their structures. In particular, it
was demondtrated by in situ XRD tha Li is
insarted into h-CuesSns which has a dructure thet is
closdly related to the NiAstype; it dso has some
dructurd features displayed by the Niln-type
dructure. During Li insertion, one hdf of the Sh
atoms migrate into interdtitia dtes of the NiAs-type
gructure such that on full lithiation a Li,CuSn-type
gructure is formed; the remaining CusSr, 5 thus acts
as a dable host framework for Li. The insertion
reaction is accompanied by a volume expanson of
5%, which is sgnificantly less than that for the full
lithiation of Sn to Lis 4+Sn (358%). The reaction is
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reversble provided that the upper and lower
voltage limits are drictly controlled. This system
yidds a revergble capacity of ~200 mAh/g, which
trandates to a volumetric capacity of ~1660
mAh/ml, based on the density of CusSrs (8.3 g/ml),
or 1060 mAh/g based on the dendty of Li,CuSn
(5.3 g/ml). The practicd volumetric capacity of
CuSns is thus ggnificantly greater than the
theoretical capacity of graphite (~800 mAKhmMI).
Lithiation beyond “Li;CuSn” destroys the CusSn; 5
framework because an irreversble displacement
reaction occurs during which Cu and Lis4Sn are
formed.

To confirm the vdidity of these results
goichiometric Li;CuSn was prepared from which Li
was extracted chemicaly with an excess of NOBF,
in acetonitrile a room temperature.  An XRD
andyss confirmed that the product had a structure
that resembled Cu;Sre.

Of particular significance was the observation
that the CuSn framework of the Li,CuSnh structure
has a Zn-blende-type arrangement of atoms. This
feature has immediate implications for designing
dternative negdive dectrode materids for Li
batteries. Therefore, the research was extended to
indude intermetdlic compounds having the Zn-
blende framework. For theinitid studies, InSb was
sdected as an example of an intermetdlic
compound with a Zn-blende-type structure. InSbis



a smdl band-gap semiconductor that has rdatively
large atoms, which provide an attractive three-
dimengond interditid pace for Li a@aoms  The
voltage profile of a typicd Li/InSb cdl is shown in
Fig. 13a from which it is apparent that most of the
initid eectrochemica reaction occurs with a steadily
decreasing voltage between 0.80 and 0.60 V. In
subsequent cycles, the discharge and charge
processes occur in a series of reproducible steps
between 1.2 and 0.5 V, as shown in an enlarged
representation of the 3rd discharge and charge
cycle (Fig. 13b). The exact reason for the marked
change in the voltage profile of the initid discharge
reaction to subsequent cyclesis presently unknown.
It is believed that the change in profile may be
asociated with gtructurd changes to the InSb
framework during the initia “bresk-in" cycle,

The éectrochemica discharge in Fig. 13b is
divided into three digtinct steps, D(1), D(2), and
D(3); the three steps correspond closely to the
cumulative reaction of InSb with 1.0, 2.0, and 2.5
Li atoms, respectively. The reaction is reversble.
On charge, step C(2) occurs in a two-stage
process [C(2a) and C(2b)], each sage
corresponding to the remova of ~0.5 Li atoms. A
possble mechanism is proposed in which Li is
initidly inserted into the InSb Sructure to a nomind
composition Li,InSb; thereafter, it gppearsthat In is
extruded from the structure, possbly as LilIn.
More in situ XRD, X-ray absorption near-edge
gpectroscopy  (XANES) and extended X-ray
absorption fine dructure (EXAFS) sudies are in
progress to determine the structura changes that
occur during the initid lithiation reaction and the
differences between that reaction and subsequent
charge and discharge reactions.
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Figure 13. Electrochemical characteristics of aLi/InSb cell: (a) the voltage profile (first 3 cycles) between 1.2
and 0.5V, and (b) an enlarged representation of the 3rd charge and discharge cycles.

Non-Carbon Anodes

M. Sanley Whittingham
State University of New York at Binghamton, Chemistry and Materials Research Center, Binghamton, NY 13902-6000
(607) 777-4623, fax: (607) 777-4623; e-mail: stanwhit@binghamton.edu

Objective
Find a low-cost, low-weight and safer anode material for rechargesble Li batteries to replace
carbonaceous compounds.
Approach
Synthesize manganese and vanadium oxides and evaluate as anodes.
Explore opportunities for enhancing the eectrochemica behavior of smple metd dloys such as Al.
Accomplishments

» Synthesized a series of manganese oxides and determined their capacity at low potentia's; observed
little recycling capacity in pure manganese oxides.

» Syntheszed the LiAl dloy dectrochemicaly and chemicaly.

Future Directions

» Evduate vanadium oxides and manganese vanadium oxides.

* Invedtigate Al-based materias, LIAIM,, to improve the cydlability of Smple dloy systems.
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The god of this project is to identify low-cog,
low-weight materids tha ae safer than
carbonaceous materids for negative eectrodes.
Aluminum is the ided anode materid, being low
cog, readily avalable and forming a smple dloy
with Li, LiAl. This reaction occurs at about 0.3 V
from pure Li with an essentidly flat voltage plateau
as shown in Fg. 14. However, the materid
expands by 57% upon Li incorporation, causing
powdering. This combined with the brittleness of
LIAl causes contact problems during cyding,
resulting in relaively poor cyding behavior. Even
0, it was the first anode used in rechargeable Li
batteries, being coupled with TiS, (Exxon-1978).

Although carbonaceous materids are being
successfully used in Li-ion cdls, there are safety
issues. This project is taking two approaches. use
of oxides giving essentidly asmple symmetric cdl:

Li1+yM n02|d &trdyte“_il_y MnO,
or ue of ample Al-based metd dloys  LiAIM,
|dectralyte] Li.yMnO..

We have dudied severd manganese oxides
including the spind and layered phases. In each
case, the materia reduced to Li,O and Mn, based
on the Li utilization. However, little cgpacity was
retained after rechargeto 1V vs. Li. Effort isthus

NOVEL CATHODE MATERIALS

being switched to mixed manganese vanadium
oxides and to vanadium oxides. In the process of
thiswork, a new low-temperature synthesis route to
the synthesis of LiMnO, was found. We can now
prepare both the spinds and layered phases of
LiyMnO, at temperatures below 200°C.

The LiAl dloy was prepared by severd routes
induding: in cdls: Li |dectrolyte] Al Al |[dectrolyte]
LiCoO, as wdl as by direct reaction between Li
and Al immersed in a Li-containing eectrolyte.
These materids are being evauated in cells,
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Figure 14. Incorporation of Li into Al at 1 mA/cnf.

LiCoO, used in commercid Li-ion cdls for consumer dectronic devices is too expensive for large-scae
goplications. Thus dternative cathode materids, which combine high revershbility and current-drain
capabilities, are desred. The focus of this task is to develop Mn-based oxides because of their low cogt,
low toxicity and familiarity to the battery industry. Research is directed a understanding the reasons for the
capacity fade and developing methods to stabilize this materid

New Cathode M aterials Based on Layered Structures

M. Sanley Whittingham

State University of New York at Binghamton, Chemistry and Materials Research Center, Binghamton, NY 13902-6000
(607) 777-4623, fax: (607) 777-4623; e-mail: stanwhit@binghamton.edu

Objective

* Find lower-cost and higher-capacity oxide cathodes for rechargesble Li batteries to replace

Li Co0,.
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Approach

»  Synthesize manganese oxides with a crystdlographic structure that permits facile intercaation of
Li" ions, and does not revert to the spind structure.

o Chaacterize the metd oxide structures by XRD andyss and evduae materids in

electrochemicd cdls.
Accomplishments

* Hydrothermdly formed Co-, Fe- and Ni-subgtituted manganese oxides, which exhibited
enhanced conductivity and eectrochemica behavior; found cycling rate to be a criticd factor in

gability of the layered phase.

»  Recognized vanadium-pillared manganese oxides as possible cathode materials.

FutureDirections

» Continue synthes's and eectrochemica studies of stabilized manganese oxides, with emphasis on

those with layered structures.

* Invedtigate impact of multiple phases and additives such as bismuth.

The god of this project is to identify layered
manganese oxides with properties superior to
LiCoO,. Layered LiMNO,, which has the potentid
of cycling 1 Li per Mnion, isungable relative to the
sind LiIMnO,4 on cyding. This ease of phase
change is enhanced by both dructures having a
cubic close packed €cp) oxygen lattice, so that
smple manganese migration isdl that is required for
dructurd  transformation. If this packing
arrangement is disrupted, then perhaps a layered
MnO; structure can be stabilized over the entire Li
range CExEL in LkMnO,, jugt asin LKTIS,. We
have been exploring severd ways to dabilize the
layered dructure including: (1) insarting pillars
between the MNnO, sheets (eg., K) and immobile,
dectrochemicdly active pillars such as VO,, and
(2) dructure modification by doping with ions such
as Co, Ni and Fe. Our research showed that K
ions disrupt the ccp arrangement of the oxygen ions
and give better retention of cycling capacity than
pure LiyMnO,.

We have made a series of subdtituted layer
manganates of formula AMn.,M,0, (A= K, Na,
or Li and M = Ni, Feor Co and y£1), a both high
temperatures and under hydrotherma conditions.
The M dements dabilize different arrangements of
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the oxygen atoms. For example, Ni disrupts the
ccp structure and Co gtabilizes the layer structure to
much lower dkali contents, thus
N&.44C000sMpos0, is layered rather than the
tunnd structure of Na& 4sMnO..

Pure trivdlent manganese compounds have a
high resitivity, typically 10° to 10” ohm-cm at room
temperature, just like MNOOH in dry cdls. In
contrast, even gamdl amounts of doping of
manganese stes in K,Cop 1My O, decreases the
resgtivity by two orders of magnitude  (Fig. 15).
Nether dkdi ion nor preparation method makes
any difference.

Figure 16 shows the cycling results for a 1%
Co-aubgtituted lithium manganese dioxide formed
by hydrotherma synthesis. It is sngle phase, and
electron microprobe anayss showed that the Co
was incorporated into the structure. The discharge
and charge behavior is much better than for pure
LikMnO,, but overcharge was observed for each
cycle. The capacity retention is dso much higher
than for the undoped materid. The voltage profile
indicates that the layered dructure is maintained
over these cycles Evauation of arange of lithium
manganese oxides doped with Co prepared by
hydrothermd synthesisis now underway.



Cycdling of the K-Mn oxide materids at higher
current densities (1 mA/cn) showed very different
behavior to that at 0.1 mA/cn? (Fig. 17). At
the higher rate the voltage profileistypica of that of
goind even though the potassum ions cannot be
incorporated into spind-like lattices. Studies are
now underway on lithium manganese oxides to see
if thisrate effect is aso present.

The V pillaing of manganee oxide sheets
ghows that in many cases we form Mn pillars
between vanadium oxide sheets. Three phases
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have been formed and structurdly characterized,
and dectrochemicd evaduation is underway. The g-
MnV,0s phase cycles one Li reversbly but with
large polarization. The pipe dructure is
uninteresting eectrochemicaly, but the ddta phase
has an initid discharge capacity exceeding 220
mAh/g. We appear to have successfully
gyntheszed a vanadyl manganese dioxide,
(VO),MnO,, and its capacity upon cycling is shown
in Fg. 18 This maeid is presently being
characterized.
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Figure 15. Conductivity of (top) hydrothermal Na,Mn,., Co, O, and (bottom) high temperature KMngg
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Objective

* Find lower-cost and higher capacity cathodes than LiCoO, for rechargesble Li EV batteries.

Approach

» Paform a comprehensive study of pure and doped manganese oxide cathodes with structures
(tunnel, layered three-dimensiona framework and amorphous) that lead to higher capacities, higher
power densties and longer life than LiCoO..

* Invedigate dternative oxides, notably those of vanadium.

Accomplishment

» Synthesized alayered Li,.xMnO3.,,» compound that showed different electrochemica properties and
gregter redgtance to transformation to spind than Li,MnO; obtained ed by ion-exchange from
NaMnO..

Future Directions

* Invedigate dternative routes to synthesize Li,,MnOs., usng other synthess procedures and
precursor materials.

o Peaform synthess, dectrochemicad and dructurd characterization of composite LikMnO,
electrodes.
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The specific god of this project is to identify
new or modified trangtion meta oxide cathodes for
Li EV batteries, particularly manganese oxides, with
superior electrochemical properties and sructurd
gability to LiCoO,. A mgor focus is to sabilize
the manganese oxide dructures against conversion
to the spinel phase.

Two approaches were adopted to obtain
dabilized manganese oxide eectrodes. The firg
goproach is to synthesze a layered lithium
manganese oxide gructure by leaching Li,O from
the rock sdt phase Li,MnOs;. The second
approach is to develop composte Li-Mn-O
electrodes containing a spind component that show
enhanced cycle life over both the 4 V and 3 V
plateausin a Li cdl. During 1999, the emphas's of
the work was predominantly on investigating the
layered structure derived from LiMnOs.

Data have shown tha a layered sructure of
nomina formula Li,xsMNnOs, (x»1.8-1.9) can be
synthesized by leaching Li,O from Li;MnOs; but
only when the Li,MnO; precursor is synthesized at
moderate temperature, such as 400°C. If
syntheszed a higher temperaiure, the LiMnO;
product is relatively sable to acid-trestment,
thereby making it difficult to remove Li,O from the
gructure. Ddithiation of Li,MnO; causes a shear
of the cubic-close-packed oxygen array such that
the Mn aoms reman octahedraly coordinated,
wheress the remaining Li* ions (and possibly some
H* from the acid treatment) are located in trigond
prismatic sites (Fig. 19). Rdithiation of the layered
Li>xMnO3, product regenerates the cubic-close-
packed array. Because LiyO is initidly removed
(chemicdly) from the sructure, eectrochemica
relithiation does not regenerate the Li,MnO;
structure, but rather one which appears to be more
closaly related to the layered LiMNnO, structure that
can be syntheszed by Li-ion exchange from
NaMnO,. Preiminary data showed that layered
LixMNnOz4, may be more ressant to the
electrochemica converson to spind than the
layered LiMNO, prepared by ion-exchange.
However, it has been difficult to synthesize layered
LioxMnOs, by the acid-treatment route
reproducibly and in high quantity. Because the
products are not highly crysdline (Fig. 20) and are
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of amdl paticle sze, it has been difficult to obtain
accurate information about their structures by XRD
andyss or transmisson eectron microscopy
(TEM). The layered Li,x«MnOs.» product formed
by this technique is ungtable to hegting in ar a
275°C, as reflected by the collgpse in the XRD
peaks of the heat-treated sample (Fig. 20).
Because of the promising eectrochemical behavior
of Li>xMnOsyp,, further experiments have been
intiated to invedigae dterndive routes to
gynthesize this layered MnO, phase with a grester
degree of crygdlinity.
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Figure 19. The structure of Li,MnQO;
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Figure 20. The XRD patterns of a parent Li,,MnOs,
sample (top) and a sample heated to 275°C (bottom).
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Novel Cathode Structures

Lutgard C. De Jonghe

Lawrence Berkeley National Laboratory, 62-203, Berkeley CA 94720
(510) 486-6138, fax: (510) 486-4881; e-mail: |Icdejonghe@lbl.gov

Objective

Deveop low-cost manganese oxide eectrodes for rechargeable Li/polymer and/or Li-ion cdls with
reversible capacities of at least 150 mAh/g and the ability to discharge 1000 times to 80% utilization
or better at C/3 rate or higher.

Approach

Sdect and synthesize manganese oxides with tunnel structures showing good reversibility to Li*-ion
intercaation, which are inherently robust, abuse-tolerant, and do not undergo deleterious phase
changes.

Characterize materials chemicaly and dectrochemically.

Discharge and cycle promising manganese oxides in Li/polymer and Li/liquid eectrolyte cells.

Accomplishments

Improved reversible capacity from 70-85 mAh/g to 95-120 mAh/g in polymer and liquid eectrolyte
cellsat C/3 to 1.5C rates.

Cyded Li/P(EO)gLiTFS/Li, Tig 33M 670, cdl 220 times a C/2 rate to 95% initid capacity or
better.

Cyded Li/P(EO)LITFS/LikMNnO, cdl a 1.5C rate more than 50 times with no discernible
cgpecity fading.

FutureDirections

Use glycine-nitrate combustion, sol-gel and other solution synthesis techniques to produce high-
surface-area materials with good rate cgpability and improved capacity.

Dope tunnd MnO, sructure with dectroactive metds (e.g., V, Cu, Ni) to increase reversble
capacity and improve dectronic conductivity.

* |nvedigate aternatives to the tunnd Na, ,sMnO, structure for cathode materias.

We have idettified a remakably dable
manganese oxide phase with an unusuad double-
tunnd dructure (Nay44sMnO,). The theoretical
capacity is estimated to be at least 200 mAh/g. It
undergoes ion-exchange and reductive intercaation
processes readily and revershbly, and does not
convert to the spinel phase below about 400°C.
Over-charge/over-discharge  studies have aso
indicated that this dructure is highly resstant to
damage from abuse.

LixNaMnO, exhibits adoping discharge profile
with an average potentid of ~3.1 V vs. Li. The
reversible capacity decreases as the Li/Na ratio
increases, suggesting that Na ions prop open the
tunnds, making more Li ion dtes avalable
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However, in situ exchange occurs for Na
containing compounds, resulting in an gpparent fade
upon cycling. Fully exchanged materias made from
conventionaly prepared Na 44MnO, cyde without
losses, but utilization is low (70-85 mAh/g,
depending on the cdl configuraion, voltage limits,
and discharge rate). Subdtitution of Mn by larger
ions such as Ti should result in increased unit cell
gze and higher cgpacity, without complications from
in situ exchange.

A series of Ti-doped compounds, LixTiyMm.
vO2 (y=0.11, 0.22, 0.33, 0.44 and 0.55) with the
Nay 44MnO, structure was prepared. The unit cell
dze progressvely increases with higher doping
levels. Stepped potentia experiments indicate that



the reversible capacity increasesup toy = 0.22 (to
about 120 mAh/g in a polymer-dectrolyte cell), but
decreases thereefter, suggesting that Ti is not
electroactive in this sructure. The excdlent cydling
behavior is retained in the Ti-doped materids with
higher capacity (Fig. 21). For example, polymer-
dectrolyte cdls with LiTip3sMnpe7O, cathodes
lose <0.02% of their capacity per cycle on average,
even a 85°C, and are projected to meet the
USABC goa of 1000 cycles to 80% depth of

discharge or better.
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Figure 21. Discharge capacity upon cycling for

Li/P(EOQ)Li TFSI/LixTiyMn,., O, cells a 85°C; Li;MnO, at
0.2 mA/cnt (C/1.5 rate), GNP Li,MnO, at 0.5 mA/cnt (1.5C
rate), and Li,Tio3sMnoe,O, (33% Ti) at 0.1 mA/ent (C/3
rate) (3.6-2.5V), Li,Tig2oMno760, (22% Ti) at 01
mA/cn? (3.6- 2.4V), and Li,Tio1:MnogsO, (11% Ti) at 0.1
mA/cnT (3.6-2.25V).

Li,MnO, made by glycine-nitrate combustion
produced Na& 4MnO, powder with an average
paticle sze <1 um. The utilization is increased to
nearly 100 mAR/g in a Li/polymer cdl, and there is
no fading during cycling a 1.5C rate over 50 cycles
(Fig. 21, GNP Li,MnO;). Thus, kinetic limitations
were partly responsible for the poorer performance
seen previoudy. Higher capacity should likewise be
exhibited for Ti-doped powders with higher surface
area.  We have now prepared LixTio2,Mny 7802
from high-surface-area precursors made by a sol-
gel technique and plan to test themin Li cells.

Smilar improvements ae seen in  liquid-
electrolyte cdls when the average particle sze of
LiMnO, is reduced. Figure 22 compares
discharges in a liquid-eectrolyte cdl a ~C rate for
LixMnO, used as is (cell E4) and an attritor-milled
sanple (cdl A8). Figure 23 shows tha the
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increased capacity obtained for cell A8 is retained
upon cyding.

Better utilization should be obtained in materials
doped with eectroactive metds  (e.g., Cu, Ni, V)
or & low levels with inactive ions larger than Ti
(e.g., Zr). Tunnd compounds containing 11% Cu
or Zr were synthesized successfully, but attempts to
dope with Co and Fe resulted in layered phases. A
god of 150 mAh/g or higher reversible capacity has

been set using these gpproaches.
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Figure 22. Discharges at 0.53 mA/cnt (~C rate) of two
LiyMnO,/EC-DMC, 1M LiPF¢/Li cells at room temperature.
The Li,MnO, sample used in cell A8 was attritor-milled for
four hours.
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Figure 23. Cycling data for cell A8, discharged between
40 and 2.3V a 053 mA/cn? (~C rate), except where
otherwise noted. Forty cycles at different rates, voltage
[imits are not shown.
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Objectives

* ldentify new dectrode structures and compostions, which will diminate or minimize fundamenta

mechanisms of Li/MnO; cdl capacity loss.
Approach

»  Synthesize and characterize new sol-gd based lithium meta oxide materids.

Accomplishments

» Prepared nove lithium meta oxide “hexagd” materids with specific capacities up to

mARg.

138

* Reduced initid capacity fade rates from 8% per cycle to 3% per cycle through improvements in

cathode fabrication.
FutureDirections

* Improve the performance of aeroge materids by usng a new sol-gel method which can retain

aufficent Li inthefind gd.

Elementa anadyses of our aerogd cathode
materid showed that amost no Li was present, and
that the Mn:O ratio was 1:1.75. The lack of Li
could be the cause of the lessthan-expected
gpecific capacity and severe cepacity fading. A
“hexagel” was made by evaporation of hexane from
the sol-gd instead of supercriticd remova of
cabon dioxide. The reaulting hexage materid
exhibited a specific capacity of 138 mAh/g,
however it showed the same severe capacity fade
rate as the origind aerogel materia. Both aeroge
and hexagel were derived from the same batch of
s0l-gd.
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Another method involving metd nitrates and
citric acid was used to prepare sol-gels of
cobdt/manganese oxides.  This materid was
characterized by TGA to determine the optimum
drying temperaiure before use in  cdls
Electrochemicd tests showed that this type of
materid is not suitable for eectrodes.  Although
gtable, the discharge capacity was only about 10
mAh/g and was probably a result of double-layer
charging rather then Li intercalation.

We modified our origind sol-gd method to
produce gels with a higher Li content. Our new
method uses lithium fumarate directly, rather than
our origind method in which lithium permanganae



and fumaric acid were mixed to initiate sol-gd fumarate solution.  Samples using the new method
formation. Also, other trangtion metds will be have been produced and eectrochemica tests are
incorporated by making the corresponding meta underway.

ADVANCED SOLID POLYMER ELECTROLYTES

The long-term energy density gods of USABC can be met by use of Li-meta batteries, but this will require
“dry” polymers or gels containing ether-like functions. Both modeling studies and synthesis of nove solid
polymer eectrolytes (SPES) are needed to meet the requirements for high conductivity, high tranference
number and interfacid chemicd gability. The effort in this task focuses on understanding polymer performance
characteristics by studies of the trangport properties of the eectrolyte as a function of polymer dructure,
polymer structural changes as a function of temperature, and interactions a the eectrode/polymer interface
during charge and discharge. A muilti-pronged gpproach involving chemica synthess, advanced diagnostic
tools, and coordinated modeling studiesis being used.

Advanced Solid Polymer Electrolytes

John B. Kerr
Lawrence Berkeley National Laboratory, 62-203, Berkeley CA 94720
(510) 486-6279; fax: (510) 486-4995; e-mail: jbkerr@lbl.gov

Objectives

Determine the upper limits of conductivity of binary st and sngle-ion “dry” polymer eectrolytes by
polymer synthesis, theoretica calculations, and transport measurements.

Determine the influence of polymer architectures and sdt structures on the mechanica strength and
processability of the polymer eectrolyte membranes.

Design, congtruct, characterize and demonstrate SEIs that lead to extended cycle life and reduced
cost required for commercid introduction of EV batteries.

Approach

Prepare comb-branch (CB) polymer eectrolytes with mechanica strength and optimum ion
trangport for rechargesble Li batteries.

Measure transport properties (conductivity, diffuson coefficients and transference numbers) by
electrochemica methods and dectrophoretic NMR.

Use the experimental resultsin eectrochemica system modeling (Newman) and molecular modeling
(Ratner) to predict the behavior of Li batteries.

Accomplishments

» Deveoped methods for in situ curing or cross-linking of polymer membranes that have excelent
mechanical strength, good dectrode adhesion, acceptable ion-trangport properties and minimal
reectivity towards Li.

» Devedoped method of grafting anions on to CB polymers to provide single-ion conductors.

* Determined transport properties of linear polymer, oxymethylenelinked polyethylene glycol 400
(PEMO), with lithium trifluoromethanesulfonate (LiTf) and lithium bis(trifluoromethanesulfonyl)imide
(LiITFS!) at 40, 60 and 85°C.
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FutureDirections

» Complete trangport measurements of CB network polymers and determine the effect of cross-
linking, backbone and side-chain structure on these properties.

* Prepare CB polymers with pendant, crown ether units and determine ther physicochemica

properties.

Synthesis. Acceptable mechanical properties
were obtained with cross-linked CB polymers (Fig.
24). PEPE2-5 is the polyepoxide ether pre-
polymer (MW in the range of 50,000), and it
displays viscous liquid behavior. PEPE2-5X and
PEPE2-10X are cross-linked materias (5 and
10% density, respectively) that show properties of
an dadtic rubber. The dastic modulus increases
with sdt concentration. A sSde-chain with an alyl
group was used. The reagents used for the cross-
linking reaction form products that are volatile and
esdly removed by vacuum to ensure that the
membrane is not reactive to Li. These membranes
were cycled with Li metal for >200 cycles and
show no obvious degradation of performance
compared with the non cross-linked materids.
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Figure 24. Elastic modulus of polyepoxide ether
electrolytes (no salt) at 25°C as a function of frequency.
M easurements were performed on a Rheometrics RMS-800
rheometer.

A smilar synthesis was used to prepare a single-ion
conductor materid. A trifluoromethane-sulfonyl
anion group was grafted onto the dlyl sde chain of
a CB polymer. This membrane was cycled in a
symmetrical Li/Li cell, and the results are shown in
Fig. 25, together with the behavior of a binary sdt.
The SIC-80 showed no concentration polarization,
but it had a high voltage, which is atributed to

1.00E+02
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ohmic and interfacia resistance from reactions with
Li. The cycle capacity is 8 coulombs/cycle. The
lack of concentration polarization of SIC-80 is
dramatic in contrast to the PVBE-LITFS binary
st dectrolyte.

Transport Property Measurements.
Transport properties were measured for PEMO-
LiTf and PEMO-LITFS as a function of sdt
concentration and temperature. Figure 26 shows
the trandference numbers for PEMO-LITFS.
Smilar trends ae evident for sdt diffuson
coefficients as a function of concentration and
temperature.  The tranderence number and
diffuson coefficients are lower with LiTf, which dso
shows evidence of inhomogenety that may be
respongble for the negative transference numbers.
The trangport properties were used to calculate the
polarization behavior and limiting currents. The
limiting current for LiTf essly exceeded 0.2
mA/cn? in a Li/Li symmerricd cdl a 40°C; the
limiting current with LiTFSI was much higher. It
was observed that dendrites formed rapidly with
LiTf under these conditions while LiTFSl cycled for
many cycles before falure.

PUBLICATION

M.M. Doeff, P. Georén, J. Qiao, J. Kerr and L.C.
De Jonghe, “Transport Properties of a High
Molecular  Weight  Poly(propylene oxide)-
LICFSO; System”, J. Electrochem. Soc.,
146, 2024 (1999).

PRESENTATIONS

JB. Kerr, J. Hou, S. Wang, S. Sloop, O. Buriez
and Y.B. Han, “Reactivity of Polymer
Electrolytes in Rechargeable Lithium Baiteries”
ACS Nationd Mesting, Anaheim, CA, March
1999.



J.B. Kerr, M.M. Doeff, J. Hou, S. Wang, S. Sloop Polymer  Forum  Spring  Symposium,

and Y.B. Han, “Effect of Structure on lon Mountain View, CA. June 7, 1999.

Transport in- Polymer  Electrolytes’, ACS O. Buriez, Y.B. Han, J. Hou, JB. Kerr, J. Qiao,

National Meeting, Anaheim, CA, March SE. Sloop, M. Tian ad S Wang,

1999. “Paformance  Limitaions of  Polymer
JB. Ker, “Polymer Electrolytes In Rechargesble Electrolytes Based on Ethylene Oxide

Lithium Batteries ‘Alice In Wonderland’ or The Polymers” DOE Workshop on Lithium-

Solution to the Electric Vehicdle Batery Polymer Batteries, Towson, MD, July, 1999.

Problem?” Invited Speaker, Golden Gate

—&—sic-80
--H--pPVBE-LiTFSI

0.3 T T T [ I

0.2 [
2 0.1 [
o
2
s o
15
2
S r
2 0.1 .
) B
) 0.2 [

r | Voltagie change due tlb : '
0.3 _—---------"--Ir-"--"'reacriu:n'wiih-ti-?--"-i'-""- Tl ek EE e R TR DEES TERPEP
: : i
04 ey ey by
5 5 5 5 5 5
110 0 110 2 10 310 410 510

Time/seconds
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Lithium-Polymer ElectrolyteInterface
Philip N. Ross, Jr.

Lawrence Berkeley National Laboratory, 2-100, Berkeley CA 94720

(510) 486-6226, fax: (510) 486-5530; e-mail: pnross@Ibl.gov

Objectives

» Determine the Li/poly(ethylene) oxide (PEO) interfacid reactions products using the interaction of
oligoethers on metdlic Li asasgmulated Li/PEO SEI layer.

* Invedtigate Li/PEO SEI layer sability asafunction of temperature and eectrolyte composition.

Approach

* Apply a combinaion of UHV surface andyticd methods and in situ infrared vibrationa
spectroscopy .

Accomplishments

 Completed a study of Li/oligoether interfacid reactions products by PES in UHV for the
homologous series of glymes, CH3(OCH,CH,),,OCHj3, n=1,2 etc. Large n vaues correspond to
polyethylene glycol dimethyl ether (PEGDME). Spontaneous polymerization is a proposed reaction
for monoglyme/diglyme, but the character of the polymer is unclear.

* Completed afull ab initio computationd study of the electrochemica reduction of ethered solvents

for Li batteries.
FutureDirections

* Andyzein situ Fourier transform infrared (FTIR) spectra of the SEI layer on Li eectrodeposited
under ided conditionsin oligoether dectrolytes, CH;(OCH,CH,),,OCHg, n=1,2 etc.

» Extrgpolate the results from oligoethers to the Li/PEO interface.

The reaction of dean, metdlic Li with
monoglyme and/or diglyme molecular multilayers
was observed using photoemission spectroscopy in
UHV. These liner dkyl ethers are rdativey
reactive with metadlic Li, producing LiOCH; and
ethylene. However, in addition there appear to be
resctions in which the chemica sate of C and O
aoms remans essentidly unchanged from the
parent molecule, but in a molecular state bound to
the suface. Polymerizaion is a likdy pardld
reaction, as we observed previoudy in identica
experiments with THF and dioxolane.  Further
studies with another spectroscopy, eg., FTIR, will
be needed to confirm this pathway.

Electronic  dructure  caculations  were
performed on a number of carbonate and ethered
solvent molecules and ther radicd anions. These
results were then used to cdculate the standard
potentids (E°) for dectrochemica reduction of the
solvent molecules a an inert dectrode, eg., such as
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glassy carbon or grephite, from classicd Born-
Haber type thermochemica cycles. These
cdculaions showed that E° for reduction of the
carbonates PC, EC and DEC areca. + 1.0V +
0.3 V (vs. Li/Li") wheress for the ethers THF,
DME (monoglyme) and 1,3 dioxolane the reduction
potentids are dl negative of 0V (vs. Li/Li*). Thus,
reduction of oligoethers a Li eectrodes is due to
the chemicd interaction of the solvent molecule with
the Li surface, i.e, the formation of specific Li-
solvent bonds.  Electronic Structure caculations of
oligoethers adsorbed on a Li(110) surface are
underway. These cdculaions will help identify
possble reaction intermediates and provide
theoreticd infrared (R) spectra of adsorbates and
intermediatesto asss inthe andysisof FTIR data.

Samples of polyethers, eg., poly-THF, poly-
dioxolane, are being obtained from various sources
and will be used to generate FTIR reference
spectra
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Objectives

Develop solid composite polymer dectrolytes (CPES) utilizing synthesized fumed slica with tallored

surface chemigtries

Investigate the dectrochemica and rheologica characterigtics of these novel compodte polymer

electrolytes.
Approach

Utilize a combination of eectrochemica and rheologica techniques, and chemica synthesis, to sudy
the effects of slica surface chemistry on the eectrochemica and mechanica properties of CPEs.

Accomplishment

Determined that presence of fumed slica in CPEs improves cyde life and interfacid gability in

Li/CPE/Li cdls.
FutureDirections
Characterize CPEsin Li/LiyCoOs3 Cdls.

Investigate the interfacid stability of CPES containing fumed slica

Evauae crosdinking protocols and processng methods to develop low-cog, efficient polymer
electrolytes with tailored mechanica properties.

The objective of this research is to develop a
new range of CPEs for rechargeable Li and Li-ion
batteries. In particular, our god isto develop highly
conductive eectrolytes that exhibit good mechanical
properties, and a the same time show good
compatibility with typica dectrode materids. The
unique feeture of our gpproach is the use of
surface-functiondlized fumed glica fillers to control
the mechanical properties of the dectrolytes. A
low-molecular-weight liquid PEO is usad as the
matrix ~ polymer, therdby  enswring  high
conductivities, and the fumed glica serves to
provide mechanica support.
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The CPEs contaning fumed slica showed
excdlent interfacid gtability to Li metd. The effect
of surface groups atached to fumed slica was
explored by cycling a Li/CPE/Li button cdl a 1
mA/cn? (Fig. 27). The polymer dectrolyte was
PEG-DME with lithium imide sdt (Li:O=1:20).
Various types of functionaized fumed glica were
added: OH-terminated (A200), oligomer ethylene
oxide-terminated (FS-EG3), and octyl- terminated
(R805). In the absence of slicafiller (refer to the
0% FS curve in Fig. 27), the interfacid resistance
rapidly increases and after 327 cycles reached its
safety limit.  Addition of any type and amount of
dlica improves the interfacid dtability. CPEs with



A200 showed the grestest and most prolonged
improvement in interfacid stability.
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Figure 27. Effect of fumed silica surface groups on
interfacial stability at 1 mA/cn?. Samplesare PEG-DME, Li
imide (Li:0O=1:20), and fumed silicac OH terminated (A200),
oligomer ethylene oxide terminated (FS-EG3), and octyl
terminated (R805). Samples are assembled as at Li/CPE/LI
button-cell with moisture content < 40 ppm.

Figure 28 illudtrates the effect of filler content on
interfacia stability via measurement of the interfacid
ressance before and after cdl cycding. AC
impedance spectroscopy was used to measure the
impedance of the interface in LiI/CPE/Li button
cdls. These cdls were then subjected to cycling at
1 mA/cn?, and then the interfacial resistance was
measured. As shown in Fig. 28, even 5% dlica
results in a dggnificant decrease in interfacid
resgance. A larger amount of slica continues to
improve the interfacid gability but with less dradtic
effect. From these results and those of Fig. 27, we
propose that fumed slica is acting as a scavenger
for impurities, with a likey impurity being water.
The A200 dlica has the grestest number of
avalable dlanol groups and shows the most
improvement in intefacia Sability. The FSEG3
has the least number of available slanal groups and
shows the least improvement in interface impedance
with cdl cyding. Furthermore, the more dlica
present the better in interfacid stability. We are
continuing to study the mechanism of how the
fumed dlica gabilizes the interface by ddiberatdy
varying water content and fumed sllica content and
subsequently  measuring the impedance of the
interface.
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Figure 28. Effect of fumed silica content on interfacial
resistance before and after cell cycling. Samples are PEG-
DME, Li imide (Li:0=1:20), and R805 fumed slica in a
Li/CPE/Li button-cell.  Interfacial resistance measured
before and after cycling via AC impedance spectroscopy;
584 cycles were applied to the 5 and 10% R805 samples,
but only 327 cycles were applied to the 0% sample due to
the equipment limitations (impedance of cell became too
large).
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linked Composite Polymer Electrolytes for

Modeling of Lithium/Polymer Electrolytes

Mark A. Ratner
Northwestern University, Department of Chemistry, Evanston|L 60208-3133
(847) 491-5371, fax: (847) 491-7713; e-mail: ratner @mercury.chem.nwu.edu

Objectives

Develop a predictive capability based on eectronic structure caculations and forma site modes to
optimize polydectrolyte-based soft eectrolytes for Li batteries.

Identify the roles of concentration, anion basicity, free volume, polymer compliance and dynamic
coupling on the Li*-ion conductivity in polyelectrolyte soft separators.

Identify optimized composite sructures that utilize inorganic fillers in the polymeric hodts to obtain
high cation transference number and ion mohility.

Approach

Use theoreticd modds, both of dectronic structure type and of dynamic transport type, to
understand and predict the effects of specific variation of varigbles (temperature, dendity, st
choice, filler size, pladticizer, therma history) on conductivity of polymer-based dectrolytes.

Accomplishments

Completed the first caculations on true polyeectrolyte structures, using a dynamic disorder model
with bound anions.

Completed ab initio caculations on a series of polydectrolyte anionic centers, quantitatively
comparing different bascities to show gtructurd correlation between loca eectronic structure and
numbers of available Li carriers.

Interpreted the conductivity of hard polycarbonate-based polymer/sat complex in terms of the
connected limit of dynamic percolation theory, which suggests transport by a largely uncoupled
mechanism.

FutureDirections

Extend polyelectrolyte caculations to develop a phase diagram, computing conductivity as a
function of the number of functionalized sde chain branches.

Compare dynamic disorder models for hard and soft polyelectrolytes to identify a possible optima
decoupling behavior for polyeectrolyte structures.

subgantid  enhancement  of

Batteries”
Electrochemical Society Joint International

The theoretical molecular-level modding activity
focuses on (8) mechanigtic dudy (usng ab initio
techniques, Monte Carlo studies and molecular
dynamics) of ion transport in polymer/salt complex
eectrolytes and in polyeectrolytes exhibiting high
Li*-ion conductivity; and (b) mechanisms for
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conductivity
dterndtive eectrolytes.

We completed milestone targets on eectronic
gructure sudies of varying locad badcity in lithium
polydectrolyte sysems. In particular, a series of
gudies of duminate and duminosilicate sysems was
completed that focused on the ability of S to



reduce the local basicity, and therefore increase the
number of mobile Li* ions and their conductivity.
This is the optimization necessay to develop
polydectrolytes, which exhibit unit trandference
number for Li* ions.

Our dudy shows two important results: fird, in
agreement  with experimentd  results from  the
Shriver group, we obsarved increased Lit-ion
mobility by  subdituting duminate  with
auminoglicate. Second, natura-bond orbita
andysis has alowed us to anayze the reasons for
this it is not the po-dp interaction, but rather the
actud dipole/charge interaction that is modulated by
the subgtitution of S for C in the beta postion. This
is an important design issue because if reduced
bascity occurs, polydectrolyte hosts could be
effective in optimizing dectrolyte materias for Li-ion
batteries.

Collaboration with Shriver’s  group, and
discussonswith Kerr's group a LBNL (plus some
reports on the current literature and the results of a
Ph.D. examindion in Sweden) strongly suggest that
in polydectrolyte systems (thet is, bound counter-
ion charge to Li) locad mohbility of the mohile
counter ion could result in substantive increase in

the conductivity of Li*-ions. Effectively, this means
that decoupling defined by the Angel decoupling
index is dlowed, and dill provides high Li*-ion
conductivity, if the loca relaxaion maotions are fast
enough. A saries of Monte Calo modding
cdculaions was completed in which Li*-ion
hopping is indeed modulated by the counterion
motion, but the counterion motion is restricted by
harmonic binding. As the harmonic force congtant
changes from a very large number (characteristic of
hard polydectrolytes) to a very smal number
(characterigtic of polymer/salt complex
dectrolytes), subdantid modifications in  the
conductivities were observed. By loosening the
locd binding geometries, polyelectrolytes of
subgtantially increased conduction are predicted.
The origind results were obtained for two
dimengons, which are being extended to three
dimengions. In addition, enhanced transport by co-
ions are being evduated. The results of these
gmulatiions, combined with the indght that the
dynamic percolation modd offers into posshble
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“hard” polymer dectrolyte systems, suggest
promisng new drections for  optimized
polydectrolytes.  If facile loca relaxation and
gpproximate decoupling are combined, it might be
possible to produce polyeectrolytes with the
conductivity god of 10°S/cm.

Studies involving dynamic hopping modds and
forma biphasc hopping models showed quite
clearly that the dynamic hopping mode can be
extended to polyeectrolyte structures, and can be
used to optimize polyelectrolytes. This work is
being extended to understand the tunnel-like, helical
structures obtained by Bruce (Nature, 1998), and
how these materials become conductive upon dight
disordering.  The am will be to andyze the
experimenta and theoreticd behavior of hard
polydectrolytes, with loca high mohilities.

An invedtigation of decoupling between
viscodty and transport is the most chdlenging
aspect of this research. The results obtained with
had materids and polyeectrolytes will be
combined to produce maerids with attractive
physica properties (probably composites), high
conductivities, low polarization and good interfacia
dability. Activities have begun in collaboration with
Professor Nitzan in Td Aviv. We ae dw
collaborating with John Kerr to identify new comb
aduminosilicates and triflates to optimize the wesk
bascity of locd Stes and facilitate ion transport due
to rapid relaxation.
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Highly Conductive Polyelectrolyte-Containing Rigid Polymers

Duward F. Shriver* and Seymon Vaynman**

*Chemistry Department, Northwestern University, Evanston, IL 60208
**Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208
(847) 491-5655; fax: (847) 491-7713; e-mail: shriver @chem.nwu.edu/svaynman@nwu.edu

Objectives

» Synthesize anew dass of rigid polymer eectrolytes.

* Tesrigid polymer dectrolytesin rechargesble Li and Li-ion batteries.

Approach

» Synthesze new polymer dectrolytes thet contain a rigid polymer rather than the flexible low-T,

polymers used in conventiona polymer dectrolytes.

» Fabricate and evauate polymer dectrolytesin eectrochemica cells.
» Corrdate the chemica dructure and reactivity of polymer dectrolytes with performance in

electrochemicd cdls.
Accomplishments

» Syntheszed the rigid polymer dectrolyte, poly(1,3-dioxolan-2-one-4,5-diyl oxaate) PVICOX),
with jonic conductivity of the polymer-lithium triflate (1:1) complex of »10* Scm* a room

temperature.

*  Conducted tests of symmetrica Li/polymer/Li and cathode/polymer/cathode cells, which indicated
the formation of resdtive interface(s) in the cdlls.

Future Directions

* Modify the eectrolyte to reduce its reaction with anode and cathode components.
* Test the modified dectrolytein Li and Li-ion batteries.

Two rigid polymer sysems were prepared,
poly(vinylene carbonate) (PVIC) and PVICOX,
which display both favorable conductivity and
mechanical properties. These systems are eadly
gynthesized, and they contained a high dengty of
coordinating Stes, which is necessary to dissolve
sts. In addition, the high density of polar groups
should reduce the activation energy for ion hopping
from one polar dte to the next. Of the two
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polymers, PVICOX is more irregular, and we
hypothesize that this property will frustrate close
packing, and thereby increase datic free volume
and conductivity.

Cdls tha contaned the rigid polymer
eectrolyte, PVICOX-lithium triflate (1:1) complex
were assembled and tested. With a cathode of
55% LiMnO, (Ker-McGee), 35% polymer
electrolyte and 10% carbon (Superior Graphite),



the resstance of the cdl was extremdy high (on the
order of megaohms), and the capacity of the cdll
was negligible. When PVICOX-lithium triflate was
replaced by  polybis(methoxyethoxyethoxide)
phosphazene (MEEP)lithium triflate (4:1) in the
cathode, the resstance was much lower, and the
cdl could be cycled. The resstance was lower
because MEEP is a gd-like materid that alowed a
more intimate contact between  cathode
components. However, the discharge current could
not exceed 15 mA/cn?. Figure 29 shows the
continuous discharge of the cdl that was
charged/discharged a 815 mA/cn?.  The cdl
capacity increases from the firgt to the second
cycdle, then it fdls dramaticaly due to an increese in
the dectrical resstance. This behavior indicates
that the polymer eectrolyte reects either with Li or
lithium manganese oxide during cyding.

The dectricd impedance dudies of the
interfaces between PVICOX and Li, and PVICOX
and cathode materid (55% LiMn,O,, 35% polymer
electrolyte and 10% carbon) showed that PVICOX
reects with both Li and lithium manganese oxide
(Fig. 30). The éectricd resstance of the cdl
doubled upon reaction of lithium manganese oxide
and PVICOX. Similaly, the resstance increased
by one order of magnitude when Li reacted with
PVICOX.
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Figure 29. Discharge of Li/(PVICOX)/ LiMn,O,;C; MEEP-
lithium triflate cell at 25°C. Dischargecurrent 8 mA/cnt.

Sulfone or sulfoxide functiondized organic
molecules have some of the highest dipole moments
and didectric congtants known and display very
good cation complexing properties. Therefore, it
was expected that polymers contaning sulfur-
oxygen bonds should readily dissolve sgnificant
amounts of Li salts and provide fast ion transport.

Furthermore, due to the srongly eectron-
withdrawing character of these groups ther
polymers should have very good anodic stability.
Based on these expectations, we propose the
gynthess and tesing of sulfone and sulfoxide
functiondized polymers. The synthetic method will
folow a pah smilar to that of the PVICOX
gynthes's, but ingtead of using vinylene carbonate as
the dating materiad we will use the sulfones or
sulfoxides. Various synthess routes are being
considered.
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Figure 30. The electrical impedance of bulk electrolyte, cathode/electrolyte and Li/electrolyte systems.
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Advanced Solid Polymer Electrolytes
Thomas Zawodzi nski

Los Alamos National Laboratory, Electronic and Electrochemical Materials and Device Research Group,

MST-11, MSD429, Los AlamosNM 87545

(505) 667-0925; fax: (505) 665-4292; email: zawod@esa.lanl.gov

Objective

* Provide detailed physicochemica characterization of polymer-based eectrolytesfor Li batteries.

Approach

» Deveop dectrophoretic NMR (ENMR) methods to study transport in polymer e ectrolytes.
 Use trangport and spectroscopic measurements to characterize the properties of polymer

electrolytes.
Accomplishments

+ Implemented >F ENMR and demongtrated grestly improved senstivity and response to measure

anion and cation transference numbers.
FutureDirections

»  Study effects of additives and ‘mixed sdt’ systems on polymer electrolytes.
» Use'flow tracking capability to measure relaxation of concentration gradient in polarized systems.
» Study trangport and related phenomena in composite eectrodes and dectrolyte stability a positive-

dectrode interfaces.

We have developed a method to assess the
Li*-ion tranference  numbers  of  various
dectrolytes. Specificdly, ENMR was investigated
to separate the transference of various species in a
complex €dectrolyte. Incressed response IS
achievable from ENMR measurements usng *°F
rether than "Li because:

* the anion transference number is typicdly larger
than the cation transference number;

* the phase shift from a given molecular motion is
amplified by the number of °F atoms per
molecule;

* F typicely has longer rlaxation times than "Li,
dlowing the use of longer diffuson/ migration
times (D).

An eslimate of the impact of these factors led us to

expect (conservatively) a leet an order of

magnitude incresse in the measurement capability.

ENMR sudies of polymer eectrolytes are
chdlenging because of ther rdativey poor
conductivity (low currents achievable) and poor
sgnd-to-noise obtained with thin-film samples. The
recent acquisition of a °F transmitter enabled us to
overcome this problem. Figures 31 and 32 show
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examples of the ENMR phase shifts. Note that the
phase shifts are roughly five times aslarge for *°F as
for 'Li. The *°F phase shift is opposite to that of
“Li, which is reasonable because the anions migrate
in the opposite direction to the cations. In addition,
the scatter about the line is much less with *°F,
reflecting the higher sgnd-to-noise (yidding more
accurate determination of phase shift).

The results obtained for anion and cation
transference numbers in LiX/PEGdm eectrolytes
(s deveoped by Khan and Fedkiw) are
summarized in Table 2. The transference numbers
sum to 1 (within experimental error) with severa
different anionsin the sdt. Thisisacritica check of
the method, and illustrates the accuracy of the *°F
measurement to determine transference numbers.

The F NMR method was used to determine
the tranderence number of Li in a polymer
electrolyte (PPO/LITFSI) obtained from LBNL. A
transference number of about 0.5 was obtained at
85°C. This vdue is in agreement with that
determined a LBNL by the method of Newman
and co-workers.
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Figure 31. Phase shift of ‘Li signal vs. applied current for
asample of 0.292 M Li methide in PEGdm and 5% R805

fumed silica. The slopeisproportional to the Li
transference number.
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Figure 32. Phase shift of **F signal vs. applied current for
a sample of 0.292 M Li methide in PEGdm and 5% R805
fumed silicaa The slope is proportional to the anion
transference number. The negative slope is aresult of the

fact that the anions migrate in the opposite direction (-Z)
of the cations.

Table 2. Anion and cation transference numbersin
LiX/PEGdm dectrolytes.

TLIi | Tf | SUM | s(gom Conditions

019 | 0.78 | 0.97 ~0.5 M Li triflate

031 [064 | 095 | 1.52E-03 | ~0.5M Liimide

043 | 059 | 1.01 | 857 E-04 | ~0.3 M Li methide

ADVANCED DIAGNOSTIC METHODS

Improved diagnogtic techniques are needed to identify the fundamental causes of performance degradation
and life limitations in rechargeable Li batteries. The principa andytica techniques that are being used include x-
ray spectroscopy, spectroscopic dlipsometry, Raman spectroscopy, scanning probe microscopy, and other
complementary techniques for the in situ characterization of eectrode surface chemistry and dectrode surface
Pprocesses.

Diagnostics. Electrode Surface Layers

Frank R. McLarnon
Lawrence Berkeley National Laboratory, 90-1142, Berkeley CA 94720
(510) 486-4636; fax: (510) 486-4260; e-mail: frmclarnon@lbl.gov

Objectives

» Apply advanced in situ and ex situ techniques to characterize the structure, compostion, formation
and growth of surface layers, SEIS, on electrodes used in rechargeable Li batteries.

» ldentify surface layer properties that improve Li battery cycle-life performance, specific energy and
specific power.
Approach

e Use dlipsometry, Raman spectroscopy, scanning probe microscopy, and other methods to
characterize electrode surface layers.
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Accomplishments

» Detected sgnificant changes in manganese oxide surface chemidtry, which accompany exposure to

nonagueous e ectrolytes.

» Initiated studies to characterize the effect d temperature on manganese oxide dectrode surface

chemidries in nonagueous eectrolytes.
Future Directions

» Useoptical, spectroscopic and microscopic techniques to characterize changes in surface layers on
Li, carbon and meta oxide el ectrodes in non-agueous electrolytes at elevated temperatures.

LiMn,O, Cathode Studies: A spin-coating
technique to prepare thin films of lithium manganese
oxide was refined. Solutions of manganese acetate
and lithium nitrate were cast onto a spinning Pt
ubstrate, dried the precipitate & room
temperature, and then hesat-treated it at 260°C for 2
h followed by 1 h a temperatures up to 750°C to
produce films 300-500 nm thick.

The film dructure and compostion were
determined using XRD and Raman spectroscopy.
The cubic cdl latice parameters and vibration
modes reveded a spind-type structure, however
the film gtoichiometry depended strongly on hest-
trestment temperature. The film composition varied
from LiMn,Og to LiMnO, for films produced at
260°C to 750°C. This compogtion variation was
accompanied by narrowing of the X-ray pesks and
Raman bands, suggesting that better crysdlinity
was achieved for films heat trested a higher
temperatures.

The surface morphology and  surface
conductivity of the freshly deposted film were
resolved by current-senang aomic  force
microscopy (CSAFM). AFM images reveded a
densdy packed polycrystdline morphology with
uniformly distributed crack-free grains of size 100-
200 nm. CSAFM images showed a strongly non-
uniform  didribution of surface  dectronic
conductivity, with tip-to-film current varying from O
to 10 nA for a1V tip-to-film bias voltage.

The dectrochemicd performance of our thin-
film lithum manganese oxide dectrode was
examined during cycdling in 1 M LiPF-EC-DMC
(1:1 EC:DMC by volume) dectrolyte at ambient
temperaiure. Stoichiometric LiMn,O, electrodes
were dectrochemicaly active and displayed
ggnificant capacity in the 4 V region. Figure 33
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shows a representative CV recorded at 1 mV/s for
athinfilm LiMn,O, electrode. Two cathodic and
two corresponding anodic peaks appeared during
each cycle, and their postions and magnitudes
varied little during successive cycles. The dectrode
capacity declined by only 4% after 43 cycles, i.e,
its stability was comparable to that for LiMnO,
electrodes prepared from commercidly avalable
powders.
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Figure 33. Cyclic voltammograms of a thin-film LiMn,O,
electrode in 1 M LiPF;-EC-DMC €electrolyte, recorded at 1
mV/s.

We examined the effect of exposng our thin-
film e€ectrodes to 1.0 M LiPR-EC-DMC
electrolyte at ambient temperature. The diffraction
patterns of the LiMn,O, and Li,Mn,Og eectrodes
after 4-days exposure showed releive line positions
which were nearly identica to those of the origind
materids, however the lines were shifted to dightly
higher angles and the peak intengity ratios changed
noticesbly. The Raman spectrum of the dectrolyte-
exposed film (Fig. 34B) changed into one nearly
identicd to that of | -MnO,. These reaults indicate



that prolonged exposure of thin-film LiMn,O, and
Li,MnOg €electrodes to nonagueous dectrolyte
leads to the formation of a manganese dioxide
gructure derived from the origina cubic spind, but
with mogt of the Li removed from the tetrahedrd
gtes. Examination of topogrgphic AFM images
recorded after exposure to the eectrolyte reveded
no sgnificant change in the eectrode morphology.
The initid globular structure was wel preserved
with no evidence of depogts, corroson or
mechanical breskdown. All of our data are
conggdent with the extraction of Li from the
LiMnO,4 and Li,MnOg particles without sgnificant
disuption of their sructure or morphology. It is
difficult to determine a this sage if the entire film
was converted into | -MnO,. The caculated lattice
condant is dightly higher than that reported in the
literature for a pure | -MnO, phase, suggesting that
the converson was incomplete. In contradt, the
Raman spectra show the sgnature of a bascaly
pure | -MnO, phase, however the Raman sensing
depth is limited to that of light penetration, which is
~30 nmin our case.

Raman Intensity (arb. units)

200 40 600 00 1000 120
Wavenumber (cm'l)

Figure 34. Raman spectra of a LiMn,O, electrode before
(A) and after (B) exposure to 1.0 M LiPFs-EC-DMC
electrolyte for 4 days.

Electrode Surface Layers. We usd
gpectroscopic  dlipsometry and CSAFM  to
characterize interfacid processes and film formation
on thinfilm lithium manganese oxide dectrode
surfaces in both pure DMC and 1.0 M LiPFs-EC-
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DMC dectrolyte at ambient temperature.  Optica
congtants and electrode surface conductivity were
compared to those of an eectrolyte-exposed
electrode. A clear Sgnature of interfacia processes
was provided by CSAFM images of a Li,Mn,Oq
electrode after exposure to dectrolyte the
conductivity dropped significantly over mogt of the
electrode surface, which may be attributed to
passve film formation. Because no vibraiond
bands characterigtic of an organic layer surrounding
the oxide particles or bands specific for LiOH or
Li,COg3, were observed, we surmise tha the thin
passve layer condsts manly of Li;O which is
insoluble in EC-DMC solvent.  However, we
observed a subgtantiad decrease in the LiMn,O,
electrode surface conductivity upon exposure to
pure DMC, i.e, in the absence of Li sdt. Attempts
to andyze the compostion of the SEI layer by
Raman spectroscopy revedled only  gpectra
characterigtic of the oxide. Our failure to detect
vibrationd spectraof a SEl layer may be a result of
its smdl thickness and smdl Raman scetering
Cross-section.

The eectrode elipsometric parameters changed
markedly upon exposure to the eectrolyte. Both D
and Y dchifted to higher angles and showed
ggnificantly  different spectrd  characteridtics.
Cdculated opticad congants of the dectrolyte-
exposed film suggest a contribution from an
insulating medium present at the film surface, but
more analyssis required.

Surface-enhanced  Raman  spectroscopy
(SERYS) isemployed to provide adetailed picture of
the cathode interfacid chemistry. We used an AC
Sputter-coater to depost smal amounts of Ag
micropatides on thinfilm LiMnO, €eectrode
surfaces. In a series of experiments we determined
how the depostion parameters influence the Ag
particle morphology, and consequently the Raman
sgnd enhancement. Prdiminary SERS experiments
with DMC-exposed and 1.0 LiPFs-EC-DMC
electrolyte-exposed LiMn,O, electrodes reveded a
series of surface-specific bands at 234, 918, 924,
999, 1283, 1353, 1577, 2127 and 2166 cmi*. A
detailed band assgnment will be conducted in
forthcoming studies.
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Battery Materials Structureand Characterization

James McBreen
Brookhaven National Laboratory, DAS-BIdg. 480, P.O. Box 5000, UptonNY 11973-5000
(516) 344-4513, fax: (516) 344-4071; e-mail: jmcbreen@bnl.gov

Objective

» Elucidate the molecular aspects of battery materials and processes by in situ high-resolution XRD
and X-ray absorption (XAYS).

Approach

* Apply in situ XRD and XASto study low-cost LixsMn,O, based cathodes and metd aloy anodes.

Accomplishments

* Completed in situ XRD studies on LiyMn,O,4 with various stoichiometries.

* Used in situ XRD to study the charge/discharge processes in a Li-Cu-Sn dloy anode materid
prepared at ANL.

» Achieved high-resolution in situ XRD with fast data acquistion by usng a beam line with high
energy and a position-sengtive detector.

* Devised methods for in situ XRD on LixMn,O, at low temperatures.
Future Direction

»  Synthesize and characterize doped lithium manganese oxides.

» Evaduate manganese oxide materidsin new eectrolytes.

» Conduct in situ XRD studies of thermal degradation processes.

High-resolution XRD studies of three oxides. The XRD results in Fig. 35, covering
LixMn,O4,. Two powde diffraction facilities the diffraction peaks (511), (440) and (531), show
(Beam Lines X7A and X18A) a the Nationa the occurrence of three cubic phases during the first
Synchrotron Light Source. (NSLS) were used. discharge of Li; oM n,O,.

Beam Line X7A has a postion-sendtive detector, Materids with higher Li content, in particular
which increases the resolution of the data and LizsMnO,4,  displayed pseudo  single-phase
permits data acquisition at fast rates. Three wdll- behavior. Thisisillustrated in Fig. 36.

characterized LisMn,O, spinels, (x = 1.00, 1.06
and 1.10) were studied. The increased Li content
resulted in several changes in the dectrochemica
behavior. LiMnO, displayed two flat voltage
plaeaus of equd length during charge.  With
increased Li the length of the second plateau
decreased and both plateaus were doping. The
increased Li greatly increased the capacity stability
on cyding for 50 cycles. In situ XRD reveded
severd changes in the sructurd behavior of the
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Figure 35. XRD patterns for Li;(Mn,O, for the first
discharge from 4.5t0 3.5V at C/8 rate. The change in Liy,
content during each scan,Dx=0.053. Bottom scan
beginning of discharge, top scan end of discharge.
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Figure 36. XRD patterns for Li;;Mn,O, for the first
discharge from 4.5t0 3.5V at C/8 rate. The change in Li,
content during each scan, Dx=0.065. Bottom scan
beginning of discharge, top scan end of discharge.
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The diffraction pesks shifted during charge
without the formation of new pesks. However, a
some dates of charge there was line broadening,
indicating formation of phases that could not be
resolved by XRD. The absence of well-defined
phase transformations improves cycling sability. In
the case of both Li; oMnO,4 and Liy ;MnO,, the
XRD patterns during charge were smilar to those
during discharge.  When these dectrodes were
discharged on the 3-V plateau, XRD pesks for the
tetragona phase were not seen until very close to
the end of the 3-V plateau. Discharging to the end
of the 3V plateau caused severa irreversible
changes in the electrodes. Upon charge, the pesks
for the tetragond phase did not disgppear until
amog the end of the 3V plateau. On the 4.1-V
plateau, al materids showed clear three-phase
behavior.  This is illugraed in FHg. 37 for
Liz.sMnO,. In this case the cdll was discharged to
1.8 V. The cdl was recharged over a period of 11
h to 4.17 V and charging was continued at hdf the
initid rateto 5.18 V.

20000 1

15000 A1

Intensity
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Figure. 37. XRD patterns for Li;;Mn,O, during charge
after a discharge to 1.8 V. The right ordinate indicates
voltages at various stages of charge as well as the value
of Dx for each scan.

The peak at 46.8°, which is ascribed to the
tetragonal phase, disappears a 3.6 V. Also dl
materids showed resdud features of the cubic



phase at 3.9 V, when charged to 4.3 V. This can
be seen in the case of the (511) peak at 44.5°. In
the past this has been ascribed to loss of contact of
the active materids. However, by reducing the
charge rate and increasing the voltage limit to 5.18
V it was possible to remove these residua features.
This indicates that the irrevershility is due to
structural changes caused by the deep discharges.

Effect of temperature on the phase
behavior of LiyMn,0,4 LiMnO,4 undergoes a
phase transformation at temperatures dightly below
room temperature, with the temperature depending
on the compogtion. The effect of these phase
transformations on the stability of the eectrode was
investigated. XRD sudies were caried out while
cooling the materia from ambient temperature to -
20°C. By usng the fadilities & Beam Line X7A
with a pogition- sengtive detector it was possible to
obtain complete spectra and follow the phase
change as a function of temperature. This permits
us to index the reflections more precisdy. Methods
were devised for in situ XRD in cdls during
chage, while mantaning the cdl a low
temperatures (-20 - 10°C) and contralling the
temperature to within about 0.1°C

Preparation and characterization of
amorphous lithium manganese oxides.
Amorphous MnO, and LipzsNapsMn0O,4 were
prepared by methods described in the literature.
These were characterized by CV, X-ray methods
and cyding in cdls Hest-treated
Lio_ggN@gnghzO;l conssted of |aye'w Nal\/anz
and smdl patices of LiMnO, spind. During the
first charge the layered NaMnO, disappeared and
did not reform on subsequent discharges.
Discharge to voltages aslow as 2.0 V did not
result in the formation of the tetragond phase. So
far dl of these high-surface-area materias can only
be dischaaged a Ilow rates Also
Lio_ggN 202sM nzO4 iS moisture sendtive.

In situ XRD of intermetallic anode
materials: Prdiminary in situ XRD studies were
carried out on Li-Cu-Sn dloys obtained from M.
Thackeray at ANL. The X-rays & Beam Line
X7A have an energy of ~17 KeV. With these
penetrating X-rays it was possble to obtain
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excdlent XRD peaterns in the transmisson mode
when using aCu foil current collector.
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IMPROVED ELECTROCHEMICAL MODELS

Mathematical modes with minima assumptions are being developed to creste computer programs to guide
the experimental efforts. The numerical codes solve derived systems of equations to study coupled transport,
kinetic, thermodynamic and mechanica problems relevant to the performance of rechargegble Li batteries.
Models are being advanced to ducidate the failure mechanisms of the Li-ion and Li/polymer systems, and to
understand the mechanisms for thermd runaway.

Improved Electrochemical M odels

John Newman (Lawrence Berkeley National Laboratory)

University of California, Department of Chemical Engineering, 201 Gilman Hall, MC 1462, University of California,
Berkeley CA 94720

(510) 642-4063, fax: (510) 642-4778; e-mail: newman@newman.cchem.berkeley.edu

Objectives

* Improve the performance of dectrochemica cdls used in the interconversion of eectrical energy
and chemica energy by identifying the controlling phenomena

* ldentify important parameters crucid in the operation of advanced secondary Li batteries.
» Determine trangport and other properties for electrochemica applications.
Approach

e Devdop and implement mathematicd modds, computer programs, and characterization
experiments to describe phenomenologicaly batteries and their components.
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Accomplishments

» Cdculated and experimentaly verified the entropy of LiMnO,4 vs. SOC.
* Refined experimenta (gavanodatic polarization) and theoretica (molecular dynamics) methods for

transport in concentrated el ectrolytes.
Future Directions

* Develop malecular dynamics method for transport in LiMnO, e ectrode system.
*  Study dendrite formation in the degradation of Li battery systems.

The purpose of this research is to develop
mathematical and experimental models of batteries,
components, and related phenomena for
engineering  gpplications. By providing
understanding of the redevant trangport,
thermodynamics, and physco-chemica mechanisms
and properties, the research program seeks to
endble the desgn and implementation of efficient
electrochemica sysems. In the area of system
desgn, a multi-year quantitetive evduation of
double-layer capacitors was completed. Fina
work included the cdculation of cycle energy
efficency for finite and reversble charging times.
Our experimentd modd of porous eectrode
capacitors predicts optimized efficiencies up to
99% for extremely dow discharge. However, for
rates applicable to HEV applications (1 ), for
ingance, efficiencies fdl to 70% for 4 to 2 V
cycling, 0.05 S/lcm solution conductivity with a 25
micron separator. Universal curves were generated
for examining efficiency of cgpacitors for various
USES.

The experimentd determination of trangport
properties in concentrated solutions is an effort
pertinent to polymer separators for proposed
flexible-cdl batteries. The development of the
gavanodatic polarization method for transference
number measurement was completed.  Applicable
to polymer eectrolytes, the technique was
improved usng a modd concentrated binary
sysem. The method conssts of measuring the
open-circuit potentid just after current interruption.
A product of the magnitude and the square root of
the time duration of the current before interruption
are plotted versus the measured potentid. A linear
extrgpolation of this product to zero yidds the
transference number. Improvements to this 5
year old method include a refined extrapolation and
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fitting procedure, and the identification of unreligble
data by means of an error analyss.

The thermd management of batteries is an
important engineering objective consdered in this
task. Cdls with lithium manganese oxide
electrodes, among other porous insertion
compounds, are proposed for many applications.
Thermd modding is important in assessng and
improving the operation and safely in dectric
devices. The two key gods are the quantitative
understanding of reaction entropy and the
interpretation of heat generation datain Li cells. An
overdl themd modd accounts for SOC and
position dependence of the porous eectrode loca
reaction rate and open-circuit potentid. These
congderations, developed by Newman and Rao
(1995), are applied to compare theoretical heat
generdion predictions with experimenta work. A
mathematicdl model and computer program are
developed for this purpose. The cel entropy,
obtained by independent experiments, is used in the
modd. The entropy as a function of SOC is
determined using a new method of short current
cycles for obtaining accurate open-circuit potentia
measurements at a given temperature.  Experiments
are then conducted at different temperatures to
evauate the temperature derivative of the potentia
to yidd the entropy. Prdiminary measurements
show a characterigic two-maxima, two-minima
profile of entropy vs. SOC as found with vanadium
oxides.

Another avenue for property determination
involves datigicd molecular smulations.  Monte
Carlo cdculaions are underway to evauate the
entropy by differentiating the open-circuit potentid.
Results match closdy with the entropy data
obtained from experiments mentioned above.
Molecular dynamics Smulations demondrate



promise in deemining the StefanrMaxwel,
multicomponent  diffuson  coefficients The
predicted coefficients for agueous KCI and NaCl
solutions agree to within 20% of experiment values.
Refinements of the computer programs are
underway for improved accuracy and physica
representation.
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Objectives

* Invedigate heat generation and hesat transfer in large-scae Li batteries for EV gpplication.
* Desgn therma management systemsfor large-scale Li batteries.

Approach

* Measure thermd conductivities of TiS, and V013 composite cathode by a guarded hesat flow meter

over Li/polymer batteries operating at 25 to 150°C.

Measure the heat generation rate of Li/polymer cdls, Li/PEO-lithium triflaeTiS,, Li/PEO-lithium
methide/'VV,0,, and Li/PEO-lithium imideLi,Mn,O, a 70, 80 and 90°C using an eectrochemical
caorimeter.

Deveop atherma mode (2-D) coupled with an eectrochemica mode (1-D to study hest transfer
phenomena and therma management of Li/polymer batteries.

Accomplishments

Completed measurements of important unknown therma conductivities of dectrolytes and
composite cathodes used in Li/polymer batteries.

Measured heat generation rates for various Li/ polymer cdls under various discharge/charge rates.

Developed a mathematicd modd coupling therma and eectrochemica phenomena and predicted
electrica and thermd behavior of large batteries.
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FutureDirections

* Apply new coupled therma/eectrochemica modd to investigate the behavior of various conceptua

designsfor Li batteries.

* Modify the new mode so that it may be gpplied to Li-ion batteries.
»  Measure heat generation in Li-ion batteries, starting with commercid batteries.

Therma conductivity measurements  were
completed on component materids used in
Li/polymer betteries. The therma conductivities of
the Li negative electrode, Cu current feeder and Al
current collector are well known. However, the
therma behavior of the battery is a strong function
of two unknown conductivities, i.e,, Li sat/polymer
electrolyte and composite postive eectrode
(cathode). A guarded heat flowmeter was used to
measure the therma conductivities of TiS, and
VeO13 composite cathodes. The conductivities
increased with temperature up to the mdting point
of the eectrolyte, but showed little increase
theresfter. The measured effective conductivity of
the composite cathode was close to that estimated
from the conductivities of its components. To
determine the latter, the therma conductivities of
pressed samples of TiS, and V¢O.3 were
messured.

An dectrochemical caorimeter was used to
determine the rate of heat generation during the
discharge/charge of Li/polymer betteries. Three
different Li/polymer cdls (i.e, Li/PEO-ithium
triflaeTiS,, Li/PECHithium methide’Ve¢O13, and
Li/PECH-lithium imide/'Li.xMn,0,4) were prepared
and ther discharge curves, dong with hest
generation rates, were measured a different
gdvanoddic dischage current dendties, and
different temperature from 70, 80 to 90°C. Figures
38 and 39 show the results for a Li/PEO-lithium
imideLi;.xMnpO, cel discharged a 90°C. The
corresponding heat generation rates for the cel in
Fig. 38 are presented in Fig. 40. The solid lines of
both figures are the results caculated from the
methematicd modd. The mathematicadl modd was
used to predict the therma behavior of cdl stacks.
Figure 40 shows the trgectory of the minimum and
maximum temperatures for a  10-cm by 10-cm
battery stack discharged at two different currents
from an initia temperature of 363K for the case
where there are sgnificant heat |osses from the ends

54

of the stack. The minimum temperature was a the
ends and shows an initid drop due to low hesat
generation early in the discharge.  The maximum
temperature was a the center of the stack and
showed a monotonic increase, reflecting the fact
that little heet is trangported from this point to the
exterior.
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Figure 38. Temperature vs. extent of discharge with
different discharge current (electrochemical-thermal model,
1=1.0 mA/cn and 0.5 mA/cn)
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. Figure 40. Temperature vs. extent of discharge with
' different discharge current (electrochemical-thermal mode,
a0 I=1.0mA/cnt and 0.5mA/cn).
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Microstructural Modeling of Highly Porous Fibrous and Particulate Electr odes

Ann Marie Sastry

The University of Michigan, Department of Mechanical Engineering and Applied Mechanics, Ann Arbor, MI 48109-2125
(313) 764-3061; fax: (313) 747-3170; e-mail: amsastry@engin.umich.edu

Objectives
Li-ion technology:

» Continue development of stochastic geometry models for key morphologies and map connectivity of
Li-ion eectrode materias.

* Cyde Li-ion cdls to falure and identify the unique physca load mechaniams in the negative
substrate materias which undergo large expansion only in the basal plane.

» Vdidae modding efforts with dectrochemica experiments; particularly post-mortem investigations
of materid properties, dong with image andyss andogous to that peformed in the firg
performance period of the Ni/MH work.

* Devdop paticlefiber trangport software and vdidate modeling efforts with dectrochemical
experiments.

Ni/MH technology:

* Rdine damage progresson smulations usng experimentdly determined losses in utilization to
benchmark theoretical models.

* Invedigate the effects of trangport enhancement in operation of the cdl, including the effects of
finite-conductivity eectrolyte and active materid.

Approach

» Paform transport and mechanics smulations on stochastic geometry modds for key morphologies
of Li-ion eectrode materias, including whiskers (~1 um), fibers (~10 um) and spheroidad particles
(<10 pm) based on carbonaceous materials.

» Evauate physca degradation of éectrode materials with smulations using the stochagtic 1D and 2D
(finite dement) modds.
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» Chaacterize damage progression through continued smulations, testing the vaidity of numerica

approaches.
Accomplishments

» Identified ranges of gpplicability of a novel stochastic network generation technique compared with

full-fidd finite-dement solutions.

» |dentified corrosion effects on materid morphology by image andyss, and by mechanicd and

transport (electrica resgtivity) testing of substrates.

* Rdfined damage smulatiions and vdidated experimentdly the degradation hypothess of mass

trandfer from particle to fiber morphology.
Future Directions

» Continueinvestigation of scae effects in smulation of mechanical damage and transport behavior in

random networks.

»  Conduct full-scale cell testing of Li-ion cdls to assess to benchmark theoretica results from damage

andyds.

» Deveop new standards for cell testing to better assess e ectrode performance.

The morphology (i.e., the shapes and placement
of condituent particles and fibers) and intrinsc
material properties (within phases and for phase
interactions) determine overdl conductivity of
porous electrodes. For highly porous structures,
one critical factor is whether a given morphology
and dendty of particles creates a “percolated”
network, i.e, a network in which there are
continuous, domain-spanning  (edge-to-edge)
conduction paths. If there are no, or few, such
pahs, conductivity is negligible across the
electrode. However, for dengties dightly above the
percoletion point, the conductivity sharply
increases.

We have investigated the influence of scde
effects and particle shapes on transport properties.
Sample gmulaion results demondrated the
importance of stochastic smulaions over classc,
closed-form results when modding low-density
networks (as technologicaly required by advanced
battery applications). We have identified particle
shapes, which can be effectively smulated as  1-D
fibers and developed a methodology for performing
fully 2-D fidd caculations for particles of agpect
ratio (L/D)<10. We have dso invedtigated the
importance of boundary conditions in such cases
and the difficulties in solving the fidd eguaions
around sngularities, Strategic sdection of boundary
conditions, and adaptive remeshing, can be used to
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solve the commonly occurring numericd difficulties
in solving the practical problem of conductivity in a
mixed-particle domain. Using this approach, we
have successfully modeled mixed-particle networks.

Studies were intisted on commercid Li-ion cdlls
using opticd and AFM (atomic force microscopy)
of MCMB materids to generate data sets for
smulations.

Mechanics modding has progressed from
ampler rigid-bond and torson-spring modes to
fully 3-D finitedement studies of how particle
connectivity affects bulk properties. A 3-D finite
dement modd of two intersecting fibers was
developed to modd how fibers interpenetrate,
especidly involving corrodon processes or the
effect of binder particles in "gluing” fibers together
(Fig. 41). Using these approaches, we have shown
equivalence between the 3-D and 2-D cases.
Through the improvements and refinements in
amulation techniques, we ae ale to solve
multiphase mechanics problems for a wide range of
geometries. The techniques will result in full-scde
network implementations for both 3-D and 2-D
systems, to determine the cases in which the less-
intensive 2-D cases can be performed.



Figure 41. Two intersecting fibers, with degree of
intersect 0.667.
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The god of this task is to develop a new dectrochemigry that yields a battery of much higher specific
energy, much lower cost, and minimum environmenta impact compared to the current rechargegble Li-battery
technologies. The low-cost sulfur cathode has dready demonstrated extremey high capacities, as much as four
times that provided by presently used meta oxides. The Li/polymer/S cdll, with atheoretica specific energy of
2600 Wh/kg, compared to 570 Whkg for LiC/CoO; is under investigation.
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Objectives

* Invedigate the behavior of advanced eectrode materids in high-performance rechargegble
batteries, and develop means for improving their lifetime and performance,

* Improvethe cyde life and utilization of the sulfur dectrodein Li/polymer/S cdls.

Approach

» Fabricate and characterize Li/polymer dectrolyte/sulfur cdls.
» Evauate sulfur/vanadium oxide aerogdl composite positive eectrodes.

Accomplishments

» Fabricated cdls with sulfur/vanadium oxide composite dectrodes, which exhibited initid specific
capacities up to 0.75 Ah/g of dectrode and achieved up to 50 cycles above 0.1 Ahg, representing
factor-of-two increases in both capacity and lifetime during the last quarter.

» Conducted spectro-dectrochemica experiments, which indicated that the loss of polysulfides by
dissolution into the polymer dectrolyte is quite smdl, so the primary mechaniam for Li/S cdl
capacity fade islikely to be the segregation of Li,S from the remainder of the sulfur eectrode.

FutureDirections

* Complete Li/polymer/S cdl characterization studies.

Lithium/sulfur cell characterization.
Spectro-dectrochemica investigation of
Li/polymer/S cdls is being used to identify
intermediate cell reaction products, assess the
reversbility of cdl reactionss and measure
polysulfide species solubility in the polymer
eectrolyte. We examined severd cell and chamber
configurations, and ultimately chose a smple cdll
sandwich design in which annular Li and composite
sulfur electrodes were separated by a disk-shaped
polymer eectrolyte. The spectrometer light beam
was directed through the centers of the eectrode
annuli and thereby passed through the polymer
eectrolyte. Species that diffused into the polymer
eectrolyte during cell discharge could then be
monitored. The cell chamber was designed for use
in a glovebox with fiber optic feedthroughs to the
spectrometer. Polypropylene was used to fabricate
the cdll chamber because other polymers tended to
out-gas and damage the Li electrode.

Because no light-absorbance data for
polysulfides in polymers ae avaldie in the
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literature, it was necessary to carry out a series of
spectroscopic  cdibration experiments to  help
interpret Li/S cell spectra. These experiments dso
provided information on the chemicd equilibria thet
exig between the various polysulfide species.
Polysulfide solutions were prepared chemicdly by
rescting Li,S and sulfur in PEGDME in sdected
ratios to yied average compositions of LibS,, LixS,,
LiZSG, lesg ad Lileo. UV/VIS absorption
gpectra were then recorded at three temperatures,
and peak absorbances were plotted as a function of
the average polysulfide order (n in Li,S,) to identify
each peak with a polysulfide species. Results from
these prdiminary experiments indicated that three
polysulfide species, Li;Ss, Li,Ss and Li,Ss, were
formed in the polyether solvent (which can be
consdered as amodd for the polymer eectrolytein
our Li/S cdls). In addition, dementd sulfur is
soluble to a limited extent in the polymer. Spectra
recorded at different temperatures indicated that
only one important equilibrium exists between these

Species.



LS U LibSs + Se.

We then conducted spectroeectrochemical
experiments with our annular Li/S cdl. Prominent
and clearly separated pesks indicated the presence
of dementd sulfur and the polysulfides Li,S, and
Li,Ss. The absorbances for these species increased
during cel cydling for a few days, indicating thet
these species did not reach their solubility limit
during this period and continued to form during
extended cycling. However, the concentrations of
Li,S; and dementa sulfur were very amdl, a least
in the dectrolyte region, which was probed
spectroscopicaly. Our results indicate that <0.01%
of the sulfur initidly present in the ectrode was lost
to the eectrolyte during the course of cdl cydling.
We conclude from these experiments that the
polysulfide reactions are reversble, and that the loss
of the intermediate polysulfide reaction products by
diffuson into the dectralyte is not the primary cause
of cdl cepacity fade. These results, together with
visud ingpections of cycled cdls which sometimes
showed subgtantia amounts of a white precipitate,
suggest thet the primary mechanism for Li/S cell
capacity fade is the segregation of Li,S from the
aulfur eectrode, which thereby bresks the
necessary intimate contact between the cdll reaction

product and the dectronicdly and ionicdly
conducting phases.
Sulfur-vanadium oxide composite

electrodes. We are evauating novel compaosite
pogtive eectrodes, in which a smdl amount of
vanadium oxide aerogd is added to the sulfur
electrode, as an approach to overcome the
ggnificant cgpacity fading observed in Li/S cdls.
This is being done because vanadium oxide can
provide both dectronic conductivity and added
capacity. In previous cdls, PEGDME + LiTFS
electrolyte was added to the sulfur eectrode to
increase Li-ion conductivity, which was necessary
because dementd sulfur is not conductive.
However, the polysulfides formed during cdl
discharge are somewhat soluble in PEGDME,
which may contribute to the high rate of capacity
loss.

The vanadium oxide aerogel was synthesized by
us in the laboratory of Prof. B. Dunn & UCLA.
The as-prepared composite e ectrode contained 70
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wit% sulfur, 12 wt% vanadium oxide aerogd, 10
wt% PEO, and 8 wt% carbon, i.e, an
electrode composition reported by Moltech [33
Intersociety Energy  Converson  Engineering
Conference, 1998]. The vanadium oxide aerogel
provided nanoscae interconnecting porosity. No
electrolyte was included in the composite e ectrode;
however it is expected that eectrolyte migrates
from the separator phase into the composte
electrode after cdl assembly, and thereby provides
asourceof Li ions.

Two different electrolyte separators were used:
PEGDME 250 in Celgard 2400; and a composite
dectrolyte of fumed dlica, crosslinked butyl
methacrylate and PEGDME 250. The Li sdt used
in both dectrolyte separators was LiTFS a an
O:Li ratio of 30:1. Cdl cycling was carried out at
room temperature, and data were recorded with an
Arbin battery testing syslem. Cdls were charged
and discharged a 50 pA/cn?, with a 2 h rest
period between charge and discharge. Cdl A (Fig.
42) incorporated the PEGDME-LiTFS-Celgard
eectrolyte separator, and Cdl B (Fig. 43)
incorporated the fumed dlicage dectrolyte
separator.  Cdl A exhibited lower initid capacity
(~0.425 Ah/g of €electrode) but better capacity
dability. Cdl B exhibited very high initid capacity
(~0.750 Ah/g of eectrode) but poor capacity
gability, faling below 0.100 AWg of eectrode after
cycde 6. Theseinitid cdl capacities are Sgnificantly
higher than the 0.375 Ah/g of dectrode achieved
for previous cells without aerogd. Also, the cdl
capacity was >0.100 Ah/g of eectrode for 50
cycles, which istwice the lifetime of previous cells.

Ancther possble mechanism of capecity fading
isthe chemicd reaction of polysulfideswith Li at the
negetive eectrode to form isolated Li,S, therefore
we sought a means to retard polysulfide migration
to the negative eectrode. Dr. N. Dudney (ORNL)
provided samples of lithium phosphorous oxynitride
(LIPON) solid eectrolyte deposited on Celgard.
Because the Li-ion trangport number is unity in
LIPON, we expected to effectivdly block
polysulfide migration from the positive eectrode to
the negative electrode. We used the same method
of cdl assembly as for Cdl A, but we incorporated
an extra layer of Cdgard on which a thin film of
LIPON was deposted. Unfortunately, the



capacities of these cells were very low. It appears currents as low as 10 pA/en?, and no voltage

that the LIPON lowered the conductivity of the cdll plateaus were observed during cdl charge or
so much that high overpotentias were observed at discharge.
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Figure 42. Figure 43.
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AFM
ANL
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BNL
CB
ccp
CPE
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CVv
DEC
DMC
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DOE
DSC
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poly(vinylene carbonate)
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scanning electron microscopy
surface-enhanced Raman spectroscopy
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SandiaNational Laboratories

date of charge

solid polymer dectrolyte

transmission electron microscopy

2,2, 2-trifluoroethyl acetate
thermogravimetric andyss
tetrahydrofuran

tetramethylslane

uitra high vacuum

United States Advanced Battery Consortium
X-ray absorption near-edge spectroscopy
X-ray absorption spectroscopy

X-ray diffraction
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